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Trigeneration refers to systems that are able to produce, simultaneously, different types of 
energy utilities, as electricity and heating and cooling power, by means of various technologies. 
Combined with district heating and cooling (DHC) network, they can reduce the amount of 
primary energy required to achieve the same kind of services with standard systems. The 
different technologies involved in a trigeneration power plant are closely interconnected and 
their optimal management can be highly complex both from an economic and energy-saving 
point of view. Furthermore, particularly in the first stages of implementation of the project, the 
power required by the various users can be significantly lower than the installed power. This 
raises a number of issues connected especially to the impossibility to avoid a low partial load 
of the trigeneration plant. For these reasons, the use of computer software can be extremely 
useful in solving the problem. Real monitored data taken from the polygeneration  Cerdanyola 
del Vallès plant, placed into the POLYCITY project of the CONCERTO initiative, have been 
used to model, with linear relationship and binary variables, characteristic units of such a type 
of system. Typical trends of the cooling demand and of the import/export electricity price have 
been used as input to the MILP model. In particular, the energy demand of the selected days 
must be representative enough to reproduce the same results that would have been obtained 
considering a complete period, as a month or a season. The optimization environment 
selected for the resolution is GAMS. The model has been initially used to derive the 
operational schedule that allows maximizing the gain of the trigeneration plant and the results 
have been compared with the real strategy. Nevertheless,  economic optimization turns out 
not to be sufficient for guaranteeing the best primary energy savings, particularly during partial 
load. Therefore, an in-depth investigation has been conducted to identify the best sharing load 
between the thermal chillers and a sensitivity analysis to find the necessary parameters to work, 
conveniently, in cogeneration.  
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1. Introduction 
 
The increasing attention to the limited availabilty of fossil fuels and the environment led to the 
development of more and more innovative energy production systems. Trigeneration, also 
known as Combined Heat, Cooling and Power (CHCP) fits these systems and it is becoming 
an important energy option with several alternatives nowadays available for the cooling power 
production and the coupling to cogeneration system. With a district heating and cooling 
(DHC) network, it can significantly reduce emissions of carbon dioxide and air pollution as 
well as increases energy security. DHC is important for implementing cogeneration because it 
allows extending the pool of potential users of recovered thermal energy beyond the industrial 
sector to include commercial and residential buildings. 
The basic elements for CHCP systems are a combined heating and power unit to generate 
heat and electricity and a thermal driven chiller to produce cooling capacity. In general, the 
prime movers usually consists of internal combustion engines, gas turbines or micro-gas 
turbines. The heat rejected from these engines is then used to meet the hot demand and/or 
the chill demand by means of absorption chillers. Moreover, a thermal energy storage can be 
used to decrease CO2 emissions and reduce energy costs by shifting energy consumption to 
times with lower energy prices. Auxiliary units, as a boiler and vapour compression chillers, 
are also present to intervene during the maintenance periods or when it is not possible to meet 
the demand differently.  
Working conditions of such a type of plant can be very different compared to those of the 
design and this is related not only to the period of the year but also to the type of user. 
Furthermore, particularly in the first stages of implementation of the project, the power 
required by the various users can be significantly lower than the installed power. This raises a 
number of issues connected especially to the impossibility to avoid a low partial load of the 
trigeneration plant. Because of the high degree of interconnection between the various units 
and the need to operate in order to ensure low operational costs and high-energy efficiencies, 
the load distribution cannot be common. In particular, considering the demand and the 
import and export price of the electricity, it is necessary to determine the sharing of the 
production between the absorption chillers, when and how to load and unload the storage and 
whether to use the compressor or not. In order to start the prime movers, the selling price of 
electricity and potential government subsidies play a key role. 
For all these reasons, and given the high number of variables involved, the use of computer 
tools may be fundamental. A MILP (Mixed Integer Linear Programming) model is developed 
using GAMS as environment and the typical units of the plant are modelled thanks to real 
data from a trigeneration system connected to a district heating and cooling close to Barcelona 
(Spain). Choosing a linear model is very useful not only for its simplicity but also because of 
its speed. It allows establishing with which units it is better to meet the thermal demand, and  
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this choice can only be a trade-off between the need to ensure the best economic return for 
the plant and the maximum primary energy saving (PES). 
 
1.1.  Thesis overview 
 
This dissertation is made up of 8 chapters: 
 In the current Chapter, a brief introduction to the trigeneration systems and their 
importance for the energy saving has been presented, together with a description of 
the main factors that may influence the operational strategy of the plant 
 
 In Chapter 2 the various units of the plant are listed. Specific sections are dedicated to 
each unit and, for each of them, the energy flows in the nominal condition and their 
data sheet are shown. 
 
 In Chapter 3 there is the layout of the plant with particular attention to its various 
circuits. The plant is divided into four circuits, respectively internal combustion engine 
circuit, hot water circuit, chilled water circuit and cooling water circuit and each of them 
is described in detail. At the end of the chapter, there is an overview of the sensor 
composing the monitoring system. 
 
 In Chapter 4 the working conditions of the trigeneration plant are analysed thanks to 
the data available from the monitored data system. In the first part the typical trends 
of the chilled demand in a working day and in a weekend day and the real production 
of electricity and chilled power from the SE and DE absorption chiller are presented. 
In the second part, there is a detailed analysis of the various units in their working 
condition together with their performance and energy flows in selected days. 
 
 Chapter 5 shows the structure of the model proposed to optimize the operational 
strategy. In the first part there is a brief description of the mathematical models, in 
particular linear programming (LP) and mixed integer programming (MIP) model are 
described. In the second part the structure of the model with all the equations and the 
constraints is outlined. 
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 In Chapter 6 the results of the optimization process are discussed together with a 
comparison between the real and the simulated operational strategy in selected and 
typical days. 
 
 In Chapter 7 a sensitivity analysis is presented which allows to identify relevant 
parameters. In particular are discussed: the influence of the electricity price on the way 
to operate of the trigeneration plant, the influence of the ratio between the gas and 
electricity price and how the load sharing between the chillers determine the primary 
energy saving. 
 
 Chapter 8 regards the conclusions and the possible future works. 
 
  
 
2. Description of the polygeneration plant 
 
2.1.  POLICITY project 
 
The POLYCITY project started as one of the first projects within the CONCERTO initiative 
in 2005, established by European Commission in 2004. The main goals of the CONCERTO 
initiative are the reduction of the dependence on oil and gas sources and energy-saving 
measures combined with innovative technical solution. 
POLICITY deals with different aspects of urban development of three European cities: 
 New construction and trigeneration energy supply in the Directional Centre of 
Cerdanyola del Valles (Barcelona, Spain). 
 Rehabilitation of the Arquata (district of Turin, Italy) with energy distribution based 
on the heating network and with thermal cooling. 
 New building constructions on a large former military ground in the town of Ostfildern 
( Stuggart, Germany) with biomass heat and electricity supply. [1] 
 
The POLICITY project in Catalonia, is taking place in a new area of 340 hectares called Parc 
de l’Alba located in Cerdanyola del Vallès. It will finally have a roof area of 1,89 km2, a 
residential area of 15000 inhabitants and an activity area that will create 40000 jobs. A highly 
efficiency energy system is to be implemented in the new urban development, in order to 
produce electricity, heating and cooling. The office building of the ALBA Synchrotron Light 
Source Laboratory in Spain covers an area of 4054 m
2
 with a high energy demand. The 
residential buildings included in the Spanish part of the POLICITY project are two: one is 
“Clota Social Residences Block B” which has a built area of 2786 m2, and the other is “Còrdova 
Street” which has a built area of 3231 m2. The polygeneration plant ST-4 provide electricity, 
hot water and chilled water for the Synchrotron and the technological park buildings, within 
Parc de l’Alba including also the residential building, through a four pipe district heating and 
cooling network. [2] 
The residential area has not been included in the DHC network, since its demand profile does 
not justify the additional investment required. This network has been designed in according to 
criteria of maximum availability and modularity and it is an integrative technology that can 
significantly reduce emissions of CO2 and air pollution and increase energy security. 
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2.2. Main components of the plant 
 
The main components of the trigeneration plant are the internal combustion engines (ICE) 
and the single (SE) and double (DE) effect chillers. The internal combustion engines are fed 
by natural gas and allow the production of electricity for powering other devices of the plant 
and for the distribution to the grid. 
The heat generated from the engines ‘jacket is used for the production of hot water with which 
the plant can feed the generator of the single effect chiller and meet the hot demand of the 
users. The high energy level contained in the exhaust gases, instead, is used to feed the double 
effect chiller. 
There are also two standard components, a compression chiller and a natural gas boiler, that 
can help the hot and cold production of the plant during the peak demand periods. The hot 
water produced from the boiler can be used to satisfy the users demand as well as input to the 
SE. Moreover, these two components cover the demand during all the weekend, when the 
internal combustion engines do not run because of the unaffordable electricity price. 
Finally, the plant also has an underground chilled water storage tank, that enables the plant to 
shift demand peak loads, and cooling towers to discharge the waste heat. 
Figure 1 shows the main components of the plant and the energy flows that characterize them. 
 
 
Figure 1: Energy flows of the plant 
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2.2.1. Internal Combustion Engines 
 
The internal combustion engines are the main units in ST-4 plan. These engines are Jenbacher 
JMS 620 fed by natural gas and the electricity generated is used for internal consumption while 
the completely remaining part is sold to the national grid. This sale, together with the chilled 
water, is the main income for the plant.  
 
Figure 2: Jenbacher JMS 620 
 
Each ICE is characterized by high temperature circuit, that allows to recover heat from the 
engine jacket and to produce hot water for SE chiller and users, and a low temperature circuit 
linked to the cooling tower. Finally, a damper drives the exhaust gases to the chimney or to 
the DE chiller.  
 
 
Table 1: CO-GEN module data of JMS 620 
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Table 2: Constructive details of JMS 620 
 
Table 1 and Table 2 show the energy performance and the constructive details while Figure 3 
the main energetic flow of each ICE. [3] 
 
Figure 3: Energetic flows of the JMS 620 
The high temperature circuit can recover almost 1,8 [MW], available for the heating demand 
or the SE chiller; the low temperature circuit, through the use of refrigerant oil, can remove 
about 170 [kW] and from the exhausts gases is possible to recover almost 1,4 [MW] for the 
generator of the DE chiller. 
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2.2.2. Natural Gas Boiler 
 
The natural gas boiler (Figure 4) produces hot water at a temperature of about 90-95 °C and 
it is installed for peak demand periods or for low energy demand such as in the weekends. 
The hot water produced can go directly to the district heating network or can be used as 
auxiliary input to the SE chiller. 
 
Figure 4: Natural gas boiler 
The boiler has an efficiency of almost 90% and has a burner capacity of 5 [MW]. 
 
2.2.3. Double Effect Absorbtion Chiller 
 
The DE absorbtion chiller (figure 5) works with a solution of H2O and LiBr whose separation 
is allowed by a double stage of vapour generation. The unit in the plant is a Thermax ED 80C 
CX, has a capacity of about 5 [MW] and it is fed directly by the exhaust gases of the ICEs.  
 
Figure 5: DE absorbtion chiller: Thermax ED 80C CX 
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In the nominal condition, the COP is 1,3 thereby ensuring an excellent heat recovery from 
the exhaust gases. 
Table 3 and Figure 6 show the technical details and the energy flows for the DE absorption 
chiller. [4] 
 
 
Figure 6: Energy flows of the DE absorbtion chiller 
 
Table 3: Thermax ED 80C CX Data Sheet 
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2.2.4. Single Effect Absorption Chiller 
 
The SE effect absorption chiller (Figure 7) works with a solution of H2O and LiBr.  
 
Figure 7: SE absorption chiller: Thermax LT 105T  
This unit uses the hot water produced from the high temperature circuit of the ICEs for the 
production of the chilled water. There is just one heating level of the working fluid and its 
nominal output is about 3,3 [MW] with a COP of about 0,75.  
Table 4 and Figure 8 show the technical details and the energy flows of this chiller. [5] [6] 
 
Table 4: Data Sheet of the Thermax LT 105T 
 
Figure 8: Energy flows of the SE absorption chiller 
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2.2.5. Compression Chiller 
 
Unlike the absorption chillers, that require a heat source as energy input in order to produce 
chilled water, the compression chiller (figure 9) needs electricity to operate. This unit is 
installed in order to help the SE and DE chillers, when their capacity is not enough to cover 
the peak demand, and cover the demand during the weekends, when it is more convenient 
purchase electricity from the national grid instead of selling it.  
 
Figure 9: Compression Chiller: Carrier 19XR8587 
The nominal capacity is about 5 [MW] and so it is able to completely replace one of the two 
absorption chillers in case of emergency. 
Figure 10 shows the energy flows for the component. 
 
 
Figure 10: Energy flows for the compression chiller 
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2.2.6. Cooling Tower 
 
The cooling tower has to dissipate the heat from the low temperature circuit of the ICEs, that 
is just the 2,2% of the total heat that has to be dissipated, from the condenser/absorber of the 
absorption chillers and from the condenser of the compression chiller. The cooling capacity 
of the towers is about 22 [MW] since that they are dimensioned in order to dissipate the heat 
produced from the plant in full working order. Figure 12 shows the energy flows that involve 
the towers. 
 
 
Figure 11: Cooling Towers 
 
Figure 12: Energy flows for the cooling tower 
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2.2.7. Storage tank 
 
The storage tank in the plant allows to shift the demand peak loads during the operational 
mode of the plant and/or when the chillers don’t work, for example during the night. This 
system can also reduce the use of the compressor during the night permitting to decrease the 
amount of electrical energy to buy from the grid. The tank can hold up 3500 m
3 
and that is 
about 7 [MW] for about 2,5 hours. The storage tank is charged and discharge through an heat 
exchangers and the flow is regulated with a valve. 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
3. Layout of the plant and monitoring system 
 
The main units of the trigeneration power plant are connected between them with pipelines, 
valves, heat exchangers and other auxiliary components as showed in Figure 13. The auxiliary 
components are mainly circulation pumps, placed in each circuit of the plant, the fans of the 
cooling towers and the fans placed in the room of the ICEs, fundamental for air circulation. 
[7] The control and the supervision of the entire plant is made possible by a dense network of 
sensors of temperature, flow and power that measure the relative values for every minute of 
every day. The collected data are stored in tables and can be analysed with the software 
“Monitored Data Reader” that allow to plot and extract, for each component, the parameters 
of interest. [8] 
 
Figure 13: Layout and sensors of the plant 
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Figure 14: Internal combustion engine circuit from the Monitored Data Reader 
The hot water circuit (Figure 14 and 15) allows the removal of heat from the engines ‘jacket 
and the production of hot water by means of a heat exchanger, one for each internal 
combustion engine. The hot water produced in the other side of the heat exchanger is directed, 
together with the possible boiler production, in a collector and from here is sent to the users 
and to the generator of the single effect absorption chiller. A three-way valve, according to the 
energy demand, permits to separate the water flow between the part to be sent to users and SE 
chiller and the part to be sent to the return side of the circuit. The outlet flow from the heat 
exchanger, before returning to the engine, passes through a battery of dry coolers that has to 
waste heat in order to have reasonable temperature of input water to the ICE. Flow and 
temperature sensors are placed in each circuit; in particular temperature sensors are located 
at the input and output of each engine and at the output of the heat exchanger and of the dry 
cooler. There is also a sensor that allow to check the temperature of the engine’s jacket and a 
power sensor for the total amount of hot water produced by each engine. With all this 
information each power flow is defined. 
 
Figure 15: Hot water circuit from the Monitored Data Reader 
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The chilled water circuit (Figure 16) includes the single and double effect absorption chiller, 
the compression chiller, the storage system and the users. As in the hot water circuit, the total 
amount of chilled water produced by the chillers is conveyed in a collector. Temperature and 
flow sensors are located at the input and the output both of the generator and the evaporator 
of the thermal chillers. Regarding the compressor chiller, information are available just for the 
operating conditions of the evaporator and of the condenser, no information, however, 
regarding the electric consumption due to the absence of a dedicated sensor. For each chiller 
there is also a power sensor for the produced chilled water. The cooling towers have the task 
to dissipate the heat produced in the absorber/condenser of the thermal chillers and in the 
condenser of the compression chiller. In this case too, temperature and flow sensors consent 
to know the operating conditions for each condenser of the chillers and so the total amount 
of heat that, through a heat exchanger, is transmitted to the cooling towers for the dissipation. 
The water flow in the storage system is regulated by back-flow valves in the different phases of 
charge and discharge. Temperature and flow sensors are located at the input and output of 
the storage together with five temperature sensors and a level sensor that pemit to know the 
conditions inside the tank. 
 
Figure 16: Chilled water circuit from the Monitored Data Reader 
The exhaust gas circuit allows recovering heat useful for the double effect chiller. For each 
chimney of the engines, there is a damper with which is possible to decide whether to send 
exhaust gas to the DE chiller or directly to the atmosphere. Moreover, before the entry to the 
DE chiller, there is a three-way valve that consent to control the load of the unit by-passing the 
gas flow. The sensors involved in this part of the circuit are, as usual, temperature and flow 
sensors but there are also valve sensors, useful to verify the measurements of the flow. 
The cooling water circuit (Figure 17) is useful for ensuring appropriate temperatures to the 
lubricating oil  of the engines, to the water of the condenser/absorber of the thermal chillers  
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and to the water of the condenser of the compression chiller.  The stored heat is then dispose 
of by the cooling towers. Make-up water is necessary to restore the mass balance after its 
evaporation. Temperature and flow sensors for all the chillers and the engines permit the 
evaluation of the power involved in this circuit. 
 
Figure 17: Cooling Water Circuit from the Monitored Data Reader 
The total monitoring system is composed of 150 sensors of which: 
 100 temperature sensors 
 27 flow sensors 
 13 power sensors 
 10 valve sensors 
The data acquisition system can record multiple variables in short sampling times and so the 
volume of available information is very large. Sometimes the measures are not acceptable 
because they violate the energy balances or because inconsistent with the design conditions. 
The balances may be violated for various reason: random and gross errors in the 
measurements deviations from steady state, redundancy in the measurements, etc.  For this, a 
careful analysis and interlaced controls, where possible, are necessary in order to understand 
where are the mistakes of the sensors and to respect the energy balance. For almost all the 
components of the plant is possible to extrapolate the real working condition thanks to the 
multiplicity of sensors available. For example the sensor of chilled power inside the DE chiller 
(EM_0MG3_POT) shows a value that is almost the double of the same value calculated, 
instead, through the flow and the temperature sensors. The first value cannot be accepted also 
because it would lead to a COP significantly greater than the nominal one. Just the values 
about the compression chiller cannot be verified. The production calculated for the 
compressor is always less than that necessary to satisfy the chilled demand and the absence of 
a sensor for the electric power doesn’t allow to understand which sensor doesn’t work. 
  
 
4. Working condition of the plant 
 
With the available data it is possible to characterize each component of the system in their 
working condition. The used data are based on the measurements recorded during most of 
the year 2012 and during the months from May to the 13
th
 of October. For almost every month, 
the most representative day was selected, which is the one when the chilled demand appeared 
more frequently. In some cases, the analysis was also done for particular trend of the chilled 
demand. For each selected day it is necessary to locate a period when the plant works in steady 
state condition. This is simple as regards the internal combustion engine, since that they work 
at full load for 16 hours a day, so the decision depends totally on the behaviour of the thermal 
chillers. Their production is usually highly oscillating but it is possible to find at least one hour 
in which both of them work in steady state. 
The equations used are the following: 
 
 𝑄 = 𝑚 ⋅ 𝑐𝑝 ⋅△ 𝑇 
 
 𝜂𝑒𝑙 =
𝑃𝑒𝑙
𝑚𝑁𝐺,𝐼𝐶𝐸⋅𝐿𝐻𝑉𝑁𝐺 
 
 
 𝜂𝑡ℎ =
𝑄𝑒𝑥−𝑔𝑎𝑠,𝐼𝐶𝐸+𝑄𝐻𝑊,𝐼𝐶𝐸
𝑚𝑁𝐺,𝐼𝐶𝐸⋅𝐿𝐻𝑉𝑁𝐺 
 
 
 𝜂𝑡𝑜𝑡 = 𝜂𝑡ℎ + 𝜂𝑒𝑙 
 
 𝜂𝑏𝑜𝑖𝑙𝑒𝑟 =
𝑄𝑏𝑜𝑖𝑙𝑒𝑟
𝑚𝑁𝐺,𝐼𝐶𝐸⋅𝐿𝐻𝑉𝑁𝐺 
 
 
 𝐶𝑂𝑃𝐷𝐸/𝑆𝐸 =
𝑄𝑐ℎ𝑖𝑙𝑙𝑒𝑑
𝑄𝑔𝑒𝑛,𝐷𝐸/𝑆𝐸 
 
 
 𝐶𝑂𝑃𝐶𝑂𝑀 =
𝑄𝑐ℎ𝑖𝑙𝑙𝑒𝑑
𝑄𝑐𝑜𝑜𝑙− 𝑄𝑐ℎ𝑖𝑙𝑙𝑒𝑑
 
 
 𝑚𝑚𝑎𝑘𝑒−𝑢𝑝 = 𝑚𝑎,𝐶𝑇 ⋅ (𝑤2 − 𝑤1) 
 
 
𝑑𝐸
𝑑𝑇
= ∑ 𝑚𝑜 ⋅ ℎ𝑜 − ∑ 𝑚𝑖 ⋅ ℎ𝑖 + 𝑊 + ∑ 𝑄𝑗 + 𝑄𝑙𝑜𝑠𝑠𝑒𝑠 
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Figure 18, 19 and 20 show some of the trends taken into account for this kind of analysis. In 
particular, Figure 18 shows a typical trend in a working day, a trend that is very common to 
find in all the months. 
Figure 19 shows the typical trend in a weekend day, where the chilled demand is low compared 
with the days of the week. Figure 20 shows the trend in a particular day, in November in this 
case, when, contrary to what happens in the other days of this month, the demand slowly 
increases in the morning and slowly decreases in the afternoon, remaining low over the night. 
This kind of trend it is very important for understanding the role of the storage tank. In all the 
cases considered, the hot demand is very low. This has a big impact on the dissipation of the 
heat produced by the engines: the SE absorption chiller never works at full load and so, 
because of the low heat demand by the users, the dry cooler must dissipate a large amount of 
heat. 
 
Figure 18: Demand in a typical working day [kW] 
 
Figure 19: Demand in a typical weekend day [kW] 
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Figure 20: Demand in a particular day [kW] 
Finally, Figure 21 shows the trends of the production related to the thermal chillers and to one 
of the engine in a typical working day. The electricity production of the internal combustion 
engines is always the same, for all the days and for all the engines. They work at full load for 
16 hours a day thanks to the special price at which they can sell to the national grid. The 
thermal chillers, obviously, can work just if the internal combustion engines are on. In this 
case, the chillers work in steady state in many hours but usually the production is highly 
oscillating. 
 
 
Figure 21: Power production in a working day 
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4.1. Internal Combustion Engine 
 
From the data of temperature and flow rate for each stream, it is possible to calculate all the 
thermal flows and the efficiencies involving the engines defined as shown in Figure 22. 
 
 
Figure 22: Internal Combustion Engine 
The parameters in nominal condition are available from the datasheet of the plant. In table 5 
the results obtained from the monitored data are reported. The temperature sensors located 
at the entry and at the exit of the engine do not work. In particular, the sensors of the first two 
engines never work because they show input and output temperature very low. The sensors of 
the third internal combustion engine, conversely, show temperatures that are higher than the 
nominal ones and this leads to a production of hot water that is incompatible with the energy 
balance and with the measurements provided by the power sensor. For all these reasons, the 
power sensor was chosen as reference for the calculation of the drop of temperature in the 
heat exchanger. Many times then the flow sensor of exhaust gases in input to DE chiller shows 
flows that are significantly greater than the nominal one and very different from the values that 
is possible to calculate with the valve position. For this, the exhaust gas flow for each internal 
combustion engine is calculated as: 
 
𝑚𝐸𝑥𝐺𝑎𝑠 𝑖𝑛 𝐷𝐸 =
54000
3
⋅ (
𝐷𝑎𝑚𝑝 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛1
100
+
𝐷𝑎𝑚𝑝 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛2
100
+
𝐷𝑎𝑚𝑝 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛3
100
) ∙
𝐷𝑎𝑚𝑝 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝐷𝐸
100
    [
𝑘𝑔
ℎ
] 
 
Table 5 highlights big differences between the nominal and the working conditions. This 
happens because the nominal conditions are defined taking in consideration a demand of heat 
and cooling which is higher than that in the working conditions. The electrical efficiency is the 
same in both conditions because the engines work at full electrical load while the thermal 
efficiency shows a significant difference. Without a substantial demand of heating and cooling, 
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there is no need of hot water and this surplus of energy needs to be dissipated using the dry 
coolers. Regarding the exhaust gases, the flow rate in working conditions is lower than the 
nominal one but the thermal flux is more or less the same because the greatest drop of 
temperature in the generator of the double effect absorption chiller. 
 
 
Table 5 Nominal and working conditions of the internal combustion engine 
 
4.2. Boiler 
 
The boiler works essentially during the night and during the weekend for a reduced number 
of hours. The analysis of the boiler is done during the hours in which there are no fluctuations 
of the water flow and of the heat power and is reported in Table 6. The values of the heat 
power and of the efficiency have the most important difference respect to the nominal 
conditions. The boiler is designed to supply hot water even in case of absence of one of the 
engines, for this its capacity is very high respect to the usually working conditions. The water 
flow is always similar to the nominal conditions and this means that, of course, the drop of 
temperature is very low respect to the drop in the nominal condition.  The output temperature 
is affected by the lower input power to the unit while the input temperature is influenced by 
the amount of hot water by-passed before the supply collector to the user 
 
Tag Unit NC (single ICE) 29.05 12.06 23.07 08.09 16.11 28.11 08.03 30.06
ΔT HW °C 12,00 6,91 8,48 12,19 8,94 4,89 6,83 4,86 5,08
Flow HW m3/h 265,80 242,69 245,10 156,21 244,64 250,62 250,16 184,72 247,14
Q HQ kW 1751,00 1950,90 2416,40 2213,77 2543,03 1424,31 1985,30 1042,95 1458,81
T CW Out °C 52,00 43,71 41,50 41,53 43,76 45,68 45,56 42,37 38,78
T CW outHX CT °C 45,00 30,94 34,90 34,99 36,81 32,60 34,68 31,92 32,59
Flow CW single ICE m3/h 21,00 44,92 44,50 45,29 44,66 45,51 46,10 46,78 44,58
Q Cool Water single ICE kW 170,00 667,29 340,00 344,35 361,24 691,72 582,81 568,20 320,61
Flow NG Nm3/h 748,00 2160,79 2192,10 1450,70 2168,10 2181,32 2231,73 1475,31 2225,55
LHV
kWh/Nm3 
(MJ/Nm3)
10,2 (36,72) 10,20 10,20 10,20 10,20 10,20 10,20 10,20 10,20
Electrical Power kW 3354,00 9997,87 10056,13 6706,12 10056,10 10044,08 10056,48 6700,82 10056,29
T ExGas all °C 398,00 379,83 382,10 383,08 386,12 387,87 373,93 392,93 378,07
T ExGas out DE °C 177,00 141,96 166,60 158,18 162,98 112,35 137,26 134,01 136,53
Damper position ExGas 1 % 100,00 100,00 100,00 100,00 100,00 85,62 100,00 100 99,80
Damper position ExGas 2 % 100,00 99,31 99,17 99,22 99,19 85,00 99,37 1,26 99,32
Damper position ExGas 3 % 100,00 100,00 100,00 0,00 3,18 85,90 100,00 100,00 100,00
Damper position ExGas in 
DE % 100,00 57,94 77,58 89,36 99,98 36,23 59,91 64,16 57,34
Flow ExGas in DE kg/h 54000,00 38950,90 41776,60 32045,25 36418,19 16728,98 32285,95 23243,76 30870,25
Q ExGas All ICEs kW 3870,00 2933,94 2851,00 2202,15 2483,05 1408,37 2334,76 1838,91 2278,35
ηth % 41,50 22,20 23,55 29,80 22,73 12,73 19,00 19,00 16,00
ηel % 45,00 45,36 45,00 45,30 45,47 45,14 44,00 44,00 44,00
ηtot % 86,50 67,06 68,50 75,20 68,20 57,87 63,00 64,00 61,00
Q losses kW 1064,60 5155,52 6015,70 2986,43 7032,47 7297,57 6638,66 4329,09 7945,35
ICE
  CHAPTER 4 
 
23 
 
 
 
Table 6: Nominal and working conditions of the boiler 
 
4.3. Double effect absorption chiller 
 
The DE absorption chiller is fed directly by the exhaust gases of the engines. The thermal 
flows involving the chiller are three and are shown in Figure 23. The generator receives the 
heat flow from the exhaust gases, the evaporator involves the chilled water that is sent to the 
users while the absorber/condenser is connected to the cooling towers. According to the sign 
convention, the fluxes in the generator and evaporator are transferred into the system while 
the other one is transferred out of the system. 
 
 
Figure 23: Double effect absorption chiller 
 
As shown in Table 7, currently the capacity of the machine is oversized with respect to the real 
cooling demand. For these reasons, the chiller never works in nominal condition and its 
production is never greater than the 60% of its maximum capacity.  
 
 
 
 
 
 
Tag Unit NC 29.05 12.06 23.07 08.09 16.11 28.11 08.03 30.06
Flow NG nm3/h 557,00 79,14 73,74 58,10 58,67 63,72 64,43 63,84 59,78
Flow Hot Water m3/h 287,00 290,46 290,67 290,37 289,54 294,57 294,32 190,69 289,80
T Hot Water in °C 80,00 88,88 89,30 85,75 81,65 95,26 92,93 91,00 81,80
T Hot Water out °C 95,00 91,04 91,06 87,21 83,33 96,06 94,36 93,17 83,32
Q Hot Water kW 5005,00 729,38 595,54 491,66 566,86 273,43 490,18 479,41 510,64
η % 90,00 90,00 79,00 83,00 95,00 42,00 75,00 74,00 84,00
Boiler
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Table 7: Nominal and working condition of the DE chiller 
The flow of the exhaust gases is lower than the nominal one and this is due to the chilled 
demand. A good part of exhaust gases is always sent directly to the atmosphere without 
reaching the generator and this is clear by looking at the Damper Position of the DE in Table 
5. Also the values of the temperatures of the exhaust gases are very distant from the nominal 
ones, particularly the output values, but their difference is usually greater.  
Same considerations can be done for the other two streams.  
The values of the flows of chilled and cooling water are close enough to the nominal ones but 
the same thing cannot be said for the temperature values. The drop of temperature in the 
evaporator is far from the nominal one of 6,5 °C and it is never greater than 4 °C and therefore 
this causes a decrease of the chilled power. Nevertheless, this machine can maintain good 
values of the COP also in partial load conditions as showed in Figure 24. 
 
Figure 24: COP values for different load of the DE chiller 
The DE chiller works with COP greater than 1 when the load to satisfy is greater than 50% of 
the nominal condition but also at a very low loads it maintains a coefficient of performance of 
almost 0,8. During the years analysed the chiller never works more than 60% of the maximum  
Tag Unit NC 29.05 12.06 23.07 08.09 16.11 28.11 08.03 30.06
T ExGas all °C 398,00 379,83 382,10 383,08 386,12 387,87 373,93 392,93 378,07
T ExGas out DE °C 170,00 141,96 166,59 158,18 162,98 112,35 137,26 134,01 136,53
Flow ExGas in DE kg/h 54000,00 38950,90 41776,63 32045,25 36418,19 16728,98 32285,95 23243,76 30870,25
Q ExGas All ICEs kW 3870,00 2933,94 2851,03 2202,15 2483,05 1408,37 2334,76 1838,91 2278,35
T Chilled Water out °C 6,50 4,50 4,48 4,41 5,83 5,18 5,00 5,24 4,52
T Chilled Water in °C 13,00 7,38 8,20 7,94 9,07 6,87 8,17 7,69 6,81
Flow Chilled Water m3/h 661,00 704,50 699,11 608,96 699,54 582,70 654,45 659,43 677,85
Q Chilled kW 5028,00 2362,61 3025,26 2501,11 2634,53 1148,98 2414,40 1882,91 1807,37
COP DE 1,30 0,80 1,06 1,14 1,06 0,82 1,03 1,02 0,79
T Cooling Water in °C 30,00 24,09 26,80 26,23 28,47 25,95 26,11 24,63 24,08
T Cooling Water out °C 37,00 27,89 31,91 30,43 32,93 27,67 29,69 27,76 27,34
Flow Cooling Water m3/h 1080,00 1017,34 1010,25 1034,32 1034,99 928,01 1033,48 1017,92 1028,91
Q Cooling kW 8898,00 4488,98 5994,90 5054,74 5378,87 1853,92 4312,63 3709,89 3907,39
Q losses kW 0,00 807,60 118,60 351,49 261,28 703,43 436,53 11,92 178,34
DE
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load because of the low number of users connected to the network but in the future, if the 
chilled demand will increase, will be possible to better characterize the unit. 
 
4.4. Single effect absorption chiller 
 
The SE absorption chiller is fed by the hot water coming from the heat exchangers linked to 
the cogeneration engines. The thermal flows involving the chiller are the same of those 
considered in the DE absorption chiller. According to the sign convention, the flows in the 
generator and evaporator are transferred into the system while the other one is transferred out 
of the system. Table 8 shows the comparison between the nominal condition and the working 
condition. 
 
 
Table 8: Nominal and working conditions for the SE chiller 
As it happens in the DE chiller, also here the generated heat and the drop of temperature of 
the chilled water is significantly lower than the nominal values and, once again, the reasons are 
due to the low users linked to the DHC. It also seems clear, now, as for both the chillers it is 
very difficult to maintain the design values of the input and output temperature of the 
evaporator. With the current demand, the single effect absorption chiller never works over 
60% of its maximum capacity but it can maintain good COP also at partial load. As shown in 
the table, during the analysed day, the load of the SE is between the 13% and the 30% with the 
COP that fluctuates around values close to 0,5. 
In Figure 25 the trend of the COP under varying loads is shown. The COP is always almost 
greater than 0,55 also at low load and can reach values around 0,65 already when the chilled 
power is the 35% of the maximum capacity of the chiller. 
 
Tag Unit NC 29.05 12.06 23.07 08.09 16.11 28.11 08.03 30.06
T Hot Water in SE °C 94,00 87,49 87,56 86,91 86,55 91,76 90,08 89,37 90,73
T Hot Water out SE °C 78,00 53,58 59,58 60,34 64,86 49,23 56,88 43,54 46,38
Flow Hot Water m3/h 234,00 37,00 61,28 55,33 82,60 18,87 42,35 16,58 18,86
Q gen kW 4366,00 1458,98 1993,59 1709,20 2083,19 933,05 1634,96 883,52 972,68
T Chill Water out °C 6,50 4,98 5,02 4,92 6,10 4,98 5,49 5,04 4,99
T Chill Water in °C 13,00 6,42 7,15 6,85 8,01 5,92 7,26 5,93 5,84
Flow Chill Water m3/h 433,00 470,30 467,37 408,01 467,42 392,08 439,10 397,95 453,31
Q Chilled kW 3275,00 790,46 1159,02 919,17 1040,57 427,45 899,54 412,20 448,81
COP se 0,75 0,54 0,58 0,54 0,50 0,46 0,55 0,47 0,46
T Cooling Water in °C 30,00 26,00 28,87 28,33 30,59 27,66 27,95 25,56 26,10
T Cooling Water out °C 37,00 28,10 31,92 30,71 33,42 28,72 30,00 26,12 27,22
Flow Cooling Water m3/h 940,00 868,70 862,74 882,77 885,22 896,19 884,09 850,74 878,45
Q Cooling kW 7641,00 2065,43 3057,29 2441,08 2919,72 1109,22 2105,01 552,36 1143,85
Q losses kW 0,00 184,02 95,33 187,30 204,05 251,27 429,49 743,35 277,65
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Figure 25: COP values for different load of the SE chiller 
It can be noted that for the SE chiller is easier to find stationary working condition because 
usually it is used to fill the storage in contrast to DE chiller that is used to follow the fluctuation 
of the demand. Also in this case, with future grid connections will be possible to better 
characterize the unit. 
 
4.5. Compression Chiller 
 
During the analysed months, the compression chiller essentially works during the night, for 
covering the part of the demand that is not possible to cover just with the use of the storage 
system, and during the weekend when the internal combustion engines, and consequently the 
thermal chillers, are switched off. In any case, it may also be useful for the coverage of the 
peak demand. In Figure 26 are shown the streams that concern this unit. Compression chiller 
needs an inlet electrical power to work and it can come from the engines or from the national 
grid during the night and the weekend.  
 
Figure 26: Compression Chiller 
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Table 9: Nominal and working conditions of the compression chiller 
Even in this case, the machine never works at full capacity and it reaches at least the 50% of its 
maximum value. For this reasons the performances of the unit are worse than the nominal 
one. The drop of temperature in the evaporator and in the condenser is, more or less, the 
same of the thermal chillers but the amount of heat that the cooling towers must dissipate is 
lower. Because of the absence of a sensor that measure the electrical power, it is not possible 
verify the correctness of the information of the sensors. 
4.6. Chilled water storage system 
 
The storage system works in two different phases: charge and discharge. The first one is carried 
out during the same hours in which the internal combustion engines are on while the second 
one is carried out during the night in order to reduce the amount of the electricity to be 
imported for the compressor. During the weekend, for the plant, it is not important to charge 
or discharge the storage because the costs of the compressor does not vary. 
 
 
Table 10: Working conditions of the storage system 
The analysis of the working condition is done selecting the different period of charge and 
discharge. The discharge power is often greater than the charge power for a reason very clear: 
the charge time, in the analysed condition, is 16 hours while the discharge time is 8 hours. 
Finally, the storage has a limit on the discharge/charge power of 2000 [kW] but currently this 
value is rarely achieved. 
Tag Unit NC 29.05 12.06 23.07 08.09 16.11 28.11 08.03 30.06
T Chilled Water out °C 5,50 5,76 5,75 4,61 5,27 5,14 5,10 5,04 5,42
T Chilled Water in °C 13,50 8,82 9,24 8,93 8,78 5,50 6,82 5,47 8,94
Flow Chilled Water m3/h 573,00 290,98 243,30 512,443 665,85 571,58 514,44 542,85 514,74
Q Chilled kW 5000,00 1035,34 987,42 2574,11 2718,17 241,34 1032,13 271,23 2105,60
T Cooling Water in °C 30,00 24,7 25,06 26,783 28,25 26,09 25,52 22,81 23,96
T Cooling Water out °C 37,00 26,83 28,31 30,264 32,13 27,26 28,39 24,32 27,31
Flow Cooling Water m3/h 720,00 600,34 342,00 750,986 747,72 313,61 586,73 374,00 721,36
Q Cooling kW 5864,00 1486,11 1291,62 3039,71 3374,53 428,48 1958,12 657,75 2815,18
COP 5,79 2,30 3,25 5,5285 4,14 1,29 1,11 0,70 2,97
P ele kW 864,00 450,77 304,20 465,606 656,37 187,13 925,99 386,53 709,58
CC
Tag Unit
Discharge Charge Discharge Charge Discharge Charge Discharge Charge Discharge Charge Discharge Charge Discharge Charge Discharge Charge
T 1 HXCS StorageSide°C 6,66 6,57 6,95 7,22 6,61 4,88 6,96 5,46 7,33 6,08 9,09 6,09 5,25 4,97 6,60 4,73
T 2 HXCS StorageSide°C 4,18 4,59 4,46 5,16 4,06 4,28 4,55 4,34 4,49 4,71 4,55 4,75 4,64 4,21 4,13 4,03
Flow HXCS StorageSidem3/h -583,70 484,11 -527,54 425,72 -263,21 389,30 -176,23 462,34 -177,29 634,58 -361,77 685,69 -237,12 417,64 -200,65 552,46
Q discharge kW 1678,96 1522,32 779,69 494,05 585,42 1908,89 166,31 575,68
Q charge kW 1110,16 1018,62 271,40 599,22 1008,76 1063,21 368,92 451,14
16.11 28.11 08.03 30.06
Storage
29.05 12.06 23.07 08.09
  
 
5. Optimization model for the trigeneration power plant 
 
Energy tools and optimization models are used for design of energy supply system. In 
polygeneration systems, there are a high level of integration and a large amount of information 
to be managed and without the use of suitable software it could be very difficult. Despite the 
type of energy tool, the purpose of all them is to represent, until a certain level of detail, the 
configuration of the energy supply system and to calculate their performance and many other 
indicators. 
These tools or models represent the energy system until a certain level of detail and solve or 
optimize the system for a given scenario, with a specific energy demand data and some input 
information like the energy prices and the cost of technologies. The selection of the energy 
tool or the optimization technique must be done carefully to fit the requirements of the user. 
The energy demand, the number of potential users and the size of the technologies tend to be 
higher as the geographical application of the model grows. In contrast the level of detail of the 
model tends to be lower. The effect will not be only the higher computational cost, that would 
be required to apply detailed model in large scales, but also the average effect in efficiencies 
when several and large plants are considered. [9]  
This chapter presents the optimization model developed for the trigeneration power plant. 
The methodology developed in this section must fulfil the following requirements: 
 
 Operational optimization: the best schedule for the operation of the units plays a key 
role not only in the economic viability, but also in the fulfilment of certain energetic 
constraints for the different units of the plant. 
 A model able to include a wide range of technologies, including production of power, 
electricity, heating and cooling. 
 
5.1. Mathematical programming 
 
Mathematical programming consists in the optimization of a mathematical model maximizing 
or minimizing an objective function. There are a lot of cases-study where the objective function 
is represented by a total cost or a total income in a process. In other situations the goal of the 
optimization may be the analysis of the better energy performance or something regarding the 
emission of pollutant substances. In general, the model has a lot of constrains as a consequence 
of the physical and operational limitations of the modelled units. 
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The formulation of the model usually is the following: 
 
Minimize f(x) 
 
Subject to: 
 
ℎ𝑗(𝑥) = 0 𝑤𝑖𝑡ℎ 𝑗 = 1 … . . 𝑚 (𝐸𝑞𝑢𝑎𝑙𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑠) 
 𝑔𝑑(𝑥) ≥ 0 𝑤𝑖𝑡ℎ 𝑑 = 1 … . 𝑟 (𝑁𝑜𝑛 𝑒𝑞𝑢𝑎𝑙𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑠) 
𝑥𝑖 ∈ ℜ Indipendent variables 
Every optimization problem can be represented in the above form. Maximize a function is 
equivalent to minimize the negative function, and the inequalities grater or equal to zero can 
be reformulated as inequalities that are less or equal than zero multiplying the two terms of 
the inequality by minus one. The number of variables “n” will be greater than the number of 
equations “m” (Equality constraints), and the difference (m-n) represents the degree of 
freedom. The feasible region (FR) of the problem corresponds to all the points of the 
function’s domain delimited by the constraints. FR is given by: 
 
FR = { x | h(x) = 0, g(x) ≤ 0, x ϵ ℜ } 
 
FR is convex for any x1 and x2 ϵ FR if: 
 
x=α·x1+(1 - α)·x2 ϵ FR,  α ϵ [0,1] 
 
The feasible region will be convex if all the points of the line which results from joining two 
points of FR, are even inside FR.  
Figure 27 shows an example of the application of the previous definition to determine if the 
feasible region is convex. In this figure, the feasible region is the one comprised inside the 
three lines (constraints) that delimitates the search space where the solutions of the model are 
located. 
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Figure 27: Comparison of convex and non-convex feasible region along two points 
A feasible region will be convex if all the equality constraints are linear and the inequalities 
consist of convex functions. A convex function is those in which the value at the midpoint of 
every interval in its domain does not exceed the arithmetic mean of its values at the ends of 
the interval. In other words, a function if convex if it’s epigraph is convex. 
 
f(α·x1+[1- α]·x2)≤ α·f(x1) + [1- α]· f(x2)                    α ϵ [0,1] 
 
For any optimization problem, the goal of the algorithm is to find the global minimum of the 
objective function (or the global minimum of the negative objective function in the case of 
maximization). [9] 
 
The types of minimum that can be found are: 
 
 Strong local minimum 
               f(x1) is a strong local minimum if x1 ϵ FR, Ǝδ>0, f(x1)<f(x)      |x-x1|<δ 
 Weak local minimum 
               f(x1) is a weak local minimum if x1 ϵ FR, Ǝδ>0, f(x1)≤f(x)        |x-x1|<δ 
 Global or local minimum 
               f(x1) is a global minimum if x1 ϵ FR, f(x1)≤f(x)                            x ϵ FR 
 
5.1.1. Properties of the optimization model 
 
The properties of the optimization models can be classified as a function of: 
 
 Independent variables: 
              One or more than one variable (multivariable). 
              Continuous variables, integer, or a mixture of both. 
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 Objective function: 
              Only one optimum or several optimums. 
              Convex or non convex function. 
              Continuous or discontinuous. 
              Derivable or non derivable. 
              Linear or non linear. 
              Explicit or non explicit in x. 
 
 Constraint functions 
               Problem with or without constraints. 
               Derivable constraints or non derivable. 
               Linear or non linear constraints. 
               Equality, non equality constraints or a mixture of both. 
               Domain defined for all the constraints. 
               Explicit or implicit constraints in x. 
 
The selection of the resolution algorithm for the optimization of the model is a function of the 
previous parameters, and can be classified as follow: 
 
 Objective function with only one variable. 
              Direct methods. 
              Indirect methods. 
              Interpolation methods. 
 
 Multivariable objective function. 
 Without constraints 
                                                        Direct search. 
                                                        First order methods. 
                                                        Second order methods. 
 With constraints 
                                                        Linear programming (LP) 
                                                        Mixed integer linear programming (MILP) 
                                                        Non linear programming (NLP) 
                                                        Mixed integer non linear programming (MINLP) 
 
In the following dissertation will be considered only LP and MILP models, so the discussion 
will be focused in these two types of mathematical method of optimization. [9] 
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5.1.2. Linear programming 
 
Linear programming problems regard the optimization of linear objective function subject to 
linear equality and inequality constraints: 
 
Minimize Z=c
T·x 
 
Subject to: 
 
a·x≤b 
x≥0 
 
Linear functions are convex, so the objective function is convex and as discussed previously, 
the feasible region is convex if the equality constraints are linear. The linearity of the objective 
function means that an optimal solution can only occur at a boundary point of the feasible 
region, unless the objective function is constant. The optimum is not necessary unique; it is 
possible to find a set of optimal solutions covering an edge or face of the feasible region. 
 There are only two situations in which no optimal solution can be found: 
 
 Constraints contradicts between them (feasible region is empty). 
 The problem is unbounded in the direction of the objective function. 
 
Computational cost is influenced mostly by the number of constraints respect to the number 
of variables. 
 
5.1.3. Mixed integer programming 
 
MILP is an extension of LP where a subset of the variables is restricted to integer values                                         
(usually 0-1).  
The general form is: 
Minimize Z=cT·x 
 
Subject to: 
 
a·x + d·y≤b 
x≥0 
y ϵ [0,1] 
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The standard method to solve MIP is the branch and bound method (BB). First the relaxed 
LP problem (0≤y≤1) is solved. If integer values are obtained for y the problem is solved. If no 
integer values are obtained, a binary tree is used where, in each branch, an integer value for 
one of the variables is fixed. Nodes with no integer solutions provide the lower bounds (the 
related optimal solution will be lower than any feasible solution). A branch is discarded if its 
related solution is higher than the best integer solution found at that moment. For the tree 
enumeration branching rules are used to decide which binary variable is fixed in the next node.  
The computational cost for these models, in order of importance, is proportional to the 
number of:  
 
1. Integer variables 
2. Constraints 
3. Continuous variables 
 
5.2. Optimization environment 
 
The optimization environment selected for the development of the model is GAMS (General 
Algebraic Modelling System). The design of this optimization environment has incorporated 
ideas drawn from relational database theory and mathematical programming and has 
attempted to merge these ideas to suit the needs of strategic modellers. Relational database 
theory provides a structured framework for developing general data organization and 
transformation capabilities. Mathematical programming provides a way of describing a 
problem and a variety of methods for solving it. The following principles were used in 
designing the system: 
 
 All existing algorithmic methods should be available without changing the user’s model 
representation. Introduction of new methods, or of new implementations of existing 
methods, should be possible without requiring changes in existing models. Linear, 
nonlinear, mixed integer, mixed integer nonlinear optimizations and mixed 
complementary problems can currently be accommodated. 
 The optimization problem should be expressible independently of the data it uses. 
This separation of logic and data allows a problem to be increased in size without 
causing an increase in the complexity of the representation. 
 The use of the relational data model requires that the allocation of computer resources 
be automated. This means that large and complex models can be constructed without 
the users having to worry about details such as array size and scratch storage. 
 
Mathematical programming in GAMS will be used for the development of the optimization 
model. 
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Mathematical programming is commonly used for the synthesis design, evaluation and 
operational optimization of energy supply systems. The advantages of using GAMS are the 
flexibility to model the energy system and the availability of a high number of state of the art 
solvers, but sometimes it is difficult for other users to expand or modify an existing model and 
reuse the models for other applications. Once the model is written and the algorithm is chosen, 
GAMS uses that algorithm to optimize the model. Figure 28 shows the GAMS interface where 
the users write the variables, the parameters and the equations for the model. This interface is 
called GAMS IDE (Integrated Development Environment). When the model is optimized, 
GAMS retrieves the solutions obtained, as shown in Figure 29. 
 
The purpose of this work is the use and development of optimization model for a 
polygeneration system. The model will be used to optimally configure and design or to 
compare polygeneration system with other alternatives. Moreover, mathematical 
programming gives the advantage that the developer of the model must not care about the 
algorithm to be used to solve the problem. There are even situations where the programming 
is nonlinear problem with integer variables, which can be solved to a global optimum with 
actual solvers; despite that, detailed models or modelling of complex systems, can derive to a 
problems that cannot be solved, due to the size of the problem, the high number of variables 
or the number of time period considered. In GAMS, from a non-linear programming, can 
derive problems of convergence of the methods because of the high number of equations for 
the constraints. Several alternative can be applied to deal with these problems: 
 
 Dividing the problem into sub-problems 
 Performing a linearization of the model 
 Reduce the size and complexity of the problem. 
 Setting tighter bounds on the variables. 
 Combining mathematical programming with experimental design. 
 
The level of detail of the model and the simplifications depend on the application. In the case-
study considered the model has a time period which is a representative day, so it is a sort of 
simplification of the model. Regarding the presence of binary variables, as already mentioned, 
the number of these variables influences the computational time, but in the case taken in exam, 
the number is not so big to create difficulties in the solution of the problem. [10] 
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Figure 28: GAMS IDE screenshot, main window with an example of some equations 
 
 
Figure 29: GAMS IDE screenshot with the solutions. (variables list in the left panel) 
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5.3. Structure of the model 
 
The model implemented for the trigeneration power plant of Cerdanyola del Vallès is able to 
optimize the operational strategy for a typical day in each month. In the case-study considered, 
the days selected are typical weekdays and weekends, and some particular days. In any case, 
with the same model is possible to analyze another day or another interval of time, without 
any problem. The demand contemplated for the implementation of the model involves the 
chilled water and the hot water, although this appears to be very low. 
The cooling demand profile has been analyzed in the previous section. All the electricity 
produced is sold to the grid or used by the compression chiller and auxiliary units. The heat 
produced by the cogeneration units can be used for heating or to produce cooling using 
chillers. The electricity required by the compression chiller is purchased from the grid, if the 
engines are not working. The time period contemplated for the analysis is of one single hour 
of a day evaluating all the possible configurations in every hour of the selected day. The prices 
of import/export electricity and for the natural gas are taken considering the same price of the 
market in the selected days. The maintenance cost of every component is taken from the 
values available in technical datasheet of the component, or from the literature. 
The superstructure of the trigeneration system is shown in Figure 30. The main units of the 
trigeneration system shown in this figure are the following: 
 
 Three engines which produce electrical energy and heating 
 Thermal chillers fed by hot water and exhaust gas coming from engines. 
 The storage system that supplies chilled water. 
 The compression chiller fed by electricity that could be an alternative solution to 
thermal chillers. 
 The boiler that could be an alternative solution for the production of hot water. 
 The cooling towers 
 The lines of natural gas, national electrical grid, hot and chilled water, and exhaust 
gases. 
 
For each component are defined the equations useful to consider the possible different 
operational configurations and the constraints for each condition. Even for the electricity and 
for the other balances, it is necessary to impose the equality constraints. 
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Figure 30: Structure of the model
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5.3.1. Engines 
 
The engines always work at full capacity during the hours when the export price of electricity 
is more profitable, usually for 16 hours a day. In the definition of the capacity constraints is 
considered a range of working between the 95-100% of the nominal load. The electricity 
efficiency is imposed equal to the nominal value of 45% since this parameter does not change 
in the considered range of working. The thermal efficiency is subdivided into the part that 
involves the exhaust gases and the part that involves the hot water recovered from the engines 
‘jacket. This parameters are obtained from the nominal condition of the internal combustion 
engine shown in Figure 3, and are equal to 18% for the exhaust gases and 23% for the hot 
water. “ICE_ON” is a binary variable that can assume the value of 0, if the internal combustion 
engine is switched OFF, and 1, if the internal combustion engine is switched ON. 
The set “i” identifies the engine while the set “j” identifies the hour of the day. 
Figure 31 shows the input and output for modelling the internal combustion engine 
 
 
 
Figure 31: Input and output for internal combustion engine model 
 
𝐼𝐶𝐸𝐸𝑙𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑖, 𝑗) ≤ 𝐼𝐶𝐸𝑁𝑜𝑚𝑖𝑛𝑎𝑙𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∙ 𝐼𝐶𝐸𝑜𝑛(𝑖, 𝑗) 
 
𝐼𝐶𝐸𝐸𝑙𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑖, 𝑗) ≥ 𝐼𝐶𝐸𝑀𝑖𝑛𝑖𝑚𝑎𝑙 𝐿𝑜𝑎𝑑 ∙ 𝐼𝐶𝐸𝑁𝑜𝑚𝑖𝑛𝑎𝑙𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∙ 𝐼𝐶𝐸𝑜𝑛(𝑖, 𝑗) 
 
𝐼𝐶𝐸𝑓𝑢𝑒𝑙(𝑖, 𝑗) ∙ 𝐼𝐶𝐸𝑒𝑓𝑓𝑒𝑙 = 𝐼𝐶𝐸𝐸𝑙𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑖, 𝑗) 
𝐼𝐶𝐸𝐸𝑥𝐺𝑎𝑠(𝑗) =  ∑ 𝐼𝐶𝐸𝑓𝑢𝑒𝑙(𝑖, 𝑗)
3
𝑖=1
∙ 𝐼𝐶𝐸𝑒𝑓𝑓𝑒𝑥𝐺𝑎𝑠  
𝐼𝐶𝐸𝐻𝑊(𝑗) =  ∑ 𝐼𝐶𝐸𝑓𝑢𝑒𝑙(𝑖, 𝑗)
3
𝑖=1
∙ 𝐼𝐶𝐸𝑒𝑓𝑓𝐻𝑊  
 
𝐼𝐶𝐸𝑜𝑛(𝑖, 𝑗) ≤ 𝐼𝐶𝐸𝑜𝑛(𝑖, 𝑗 − 1) + 𝐼𝐶𝐸𝑂𝑛(𝑖, 𝑗 + 1) 
 
𝐼𝐶𝐸𝑜𝑛(𝑖, 𝑗) ≥ 𝐼𝐶𝐸𝑜𝑛(𝑖, 𝑗 − 1) + 𝐼𝐶𝐸𝑜𝑛(𝑖, 𝑗 + 1) − 1 
 
Nominal Capacity 
Minimal Load 
Costs 
Efficiency 
Electricity 
Heating 
Exhaust Gases 
ICE on 
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The last two equations are useful to avoid continuous ON-OFF of the engines and impose at 
least two hours of continuous working 
 
5.3.2. Boiler 
 
Boiler is an alternative solution for the production of hot water. It is fed by natural gas and the 
hot water could be used to meet the users demand, in the night and in the weekend, or as 
input to the single effect absorption chiller. “BOILER_ON” is a binary variable that can 
assume the value of 0, if the boiler is switched OFF, and 1, if the boiler  is switched ON. 
 
 
 
Figure 32: Input and output for the boiler 
Figure 32 shows the input and output for modelling the boiler while the equations are: 
 
𝐵𝑜𝑖𝑙𝑒𝑟𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑗) = 𝐵𝑜𝑖𝑙𝑒𝑟𝑒𝑓𝑓 ∙ 𝐵𝑜𝑖𝑙𝑒𝑟𝑓𝑢𝑒𝑙(𝑗) 
𝐵𝑜𝑖𝑙𝑒𝑟𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑗) = 𝐵𝑜𝑖𝑙𝑒𝑟𝐻𝑊 𝑡𝑜 𝑢𝑠𝑒𝑟𝑠(𝑗) + 𝐵𝑜𝑖𝑙𝑒𝑟𝐻𝑊 𝑡𝑜 𝑆𝐸(𝑗) 
𝐵𝑜𝑖𝑙𝑒𝑟𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ≤ 𝐵𝑜𝑖𝑙𝑒𝑟𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∙ 𝐵𝑜𝑖𝑙𝑒𝑟𝑜𝑛(𝑗) 
 
𝐵𝑜𝑖𝑙𝑒𝑟𝐻𝑊 𝑡𝑜 𝑆𝐸(𝑗) ≤ 𝐵𝑜𝑖𝑙𝑒𝑟𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∙ 𝑆𝐸𝑜𝑛(𝑗) 
𝐻𝑜𝑡𝐷𝑒𝑚𝑎𝑛𝑑(𝑗) = 𝐼𝐶𝐸𝐻𝑊 𝑡𝑜 𝑢𝑠𝑒𝑟𝑠(𝑗) + 𝐵𝑜𝑖𝑙𝑒𝑟𝐻𝑊 𝑡𝑜 𝑢𝑠𝑒𝑟𝑠(𝑗) 
 
𝐵𝑜𝑖𝑙𝑒𝑟𝑜𝑛(𝑗) ≤ 𝐵𝑜𝑖𝑙𝑒𝑟𝑜𝑛(𝑗 − 1) + 𝐵𝑜𝑖𝑙𝑒𝑟𝑜𝑛 (𝑗 + 1) 
𝐵𝑜𝑖𝑙𝑒𝑟𝑜𝑛(𝑗) ≥ 𝐵𝑜𝑖𝑙𝑒𝑟𝑜𝑛(𝑗 − 1) + 𝐵𝑜𝑖𝑙𝑒𝑟𝑜𝑛(𝑗 + 1) − 1 
 
5.3.3. Double Effect Absorption Chiller 
 
The thermal chillers never work in nominal conditions. The maximum load that is possible 
to find in the monitored data is almost the 60% of the design value while the lowest value is 
over 29% neglecting, of course, the transient period between the ON and OFF status. This 
component is able to maintain good performances also at partial load and so, in order to 
develop something close to the real situation, is necessary to take into consideration the 
changes of the COP when the load changes. Since the used model is linear, it is not possible 
to use directly the relation of the COP and it is necessary to find a linear relation between the  
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heat flow in the generator and the heat flow in the evaporator. [8] To do this, it is essential to 
find, in the monitored data, some periods of time in which the temperatures and the flows that 
characterize the unit do not fluctuate excessively. Table 11 and Figure 33 show the data used 
for the description of the unit and the regression line obtained for linking the hot and the cold 
flow [11]. After the optimization process, it is possible to evaluate the trend of the COP in 
each hour of working of the chiller. 
 
 
 
Table 11 Working conditions for the DE 
 
 
 
Figure 33 Load curve of the double effect absorption chiller 
 
 
 
Date
F exGas in 
DE cal [kg/h]
T ExGas 
outDE
T ExGas 
inDE 
Q gen [kW]
F 
ChillW 
DE  
[m3/h]
T 
ChillW 
outDE
T 
ChillW 
inDE
Q eva [kW]
F CoolW 
DE [m3/h]
T CoolW 
outDE
T 
CoolW 
inDE
Q cond 
[kW]
Energy 
Balance [kW]
COP Load %
13.June.2012 33716,13 140,46 383,85 2507,43 662,03 5,56 8,95 2605,37 1037,04 28,91 25,13 4559,30 553,50 1,04 39,46
4.July.2012 35733,01 140,44 384,75 2667,49 653,10 6,70 9,95 2468,92 1023,00 30,83 26,80 4801,65 334,76 0,93 38,57
9.July.2012 36774,85 146,29 385,56 2688,56 653,15 5,00 8,65 2769,32 1016,93 28,79 24,37 5219,05 238,83 1,03 50,64
17.July.2012 40416,31 161,72 390,30 2822,86 654,18 6,16 9,68 2676,53 1047,75 31,42 26,86 5556,21 -56,82 0,95 49,10
5.June.2013 25660,50 119,70 379,16 2034,33 602,51 4,99 7,83 1983,85 1022,09 26,46 24,11 2791,46 1226,72 0,98 55,08
6.June.2013 25442,28 119,01 379,41 2024,35 607,18 5,01 7,75 1939,08 1055,24 26,42 24,19 2727,57 1235,86 0,96 53,23
10.June.2013 29241,67 128,87 379,82 2242,23 663,80 5,00 8,30 2546,33 1055,85 27,07 24,08 3674,60 1113,95 1,14 51,82
2.June.2014 24903,38 128,10 374,47 1874,77 621,97 4,75 6,82 1493,02 1032,90 27,26 24,76 3002,73 365,05 0,80 29,69
3.June.2014 28752,87 134,25 377,07 2133,31 587,40 4,48 6,98 1702,76 1031,44 27,88 25,05 3391,24 444,83 0,80 33,87
13.June.2014 40860,95 160,03 377,96 2720,93 657,31 5,68 9,31 2770,51 1033,54 30,91 26,32 5516,66 -25,22 1,02 55,10
13.June.2014 41904,38 165,08 380,23 2754,92 677,54 5,37 9,15 2979,86 1026,03 31,83 26,97 5797,09 -62,31 1,08 59,27
13.June.2014 39493,78 160,82 379,66 2640,84 677,61 4,55 8,22 2896,35 1009,33 30,45 25,69 5595,69 -58,49 1,10 57,60
24.June.2014 33017,40 143,25 378,50 2373,41 687,16 4,49 7,25 2207,43 1028,45 27,99 24,20 4540,07 40,76 0,93 43,90
Nominal Condition 3870 5028 1,3 100
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In general the working conditions of the unit are very changeable but the most important 
changes concern the mass flow involving the generator and the evaporator and these can affect 
the COP. With the available data, this regression line is the best that is possible to obtain but 
it is close enough to the nominal condition, reported in the chart with a red square. Of course, 
with the availability of new data it will be possible to find new regression line that best describe 
the thermal chiller maybe up to the nominal point of work. If for the best fit was necessary to 
use two different regression lines, one for the loads lower than a certain value and one for the 
highest loads, the model can be easily modified to take it into account. 
For the exhaust gases it is necessary to subdivided the part that goes to the double effect 
absorption chiller and the part that is sent directly to the atmosphere. Also in this case, 
“DE_ON” is a binary variable that can assume the value of 0, if the DE chiller is switched 
OFF, and 1, if the DE chiller is switched ON. The constraints regarding the minimum and 
maximum capacity are respectively set to 1000 [kW] and 3000 [kW] and their influence will 
be better analysed in a separate section. 
 
 
 
Figure 34: Input and output for the absorption chiller 
Figure 34 shows the input and output for modelling the chiller while the equations are: 
 
𝐸𝑥𝐺𝑎𝑠𝐴𝑡𝑚(𝑗) + 𝑄𝑔𝑒𝑛 𝐷𝐸(𝑗) = 𝐼𝐶𝐸𝐸𝑥𝐺𝑎𝑠(𝑗) 
𝑄𝑒𝑣𝑎 𝐷𝐸(𝑗) = 1,6235 ⋅ 𝑄𝑔𝑒𝑛 𝐷𝐸(𝑗) − 1591,6 ⋅ 𝐷𝐸𝑜𝑛(𝑗) 
𝑄𝑒𝑣𝑎 𝐷𝐸(𝑗) ≥ 𝐷𝐸𝑀𝑖𝑛𝑖𝑚𝑎𝑙 𝐿𝑜𝑎𝑑 ∙ 𝐷𝐸𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∙ 𝐷𝐸_𝑜𝑛(𝑗) 
𝑄𝑒𝑣𝑎 𝐷𝐸(𝑗) ≤ 𝐷𝐸𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∙ 𝐷𝐸𝑜𝑛(𝑗) 
𝐷𝐸_𝑜𝑛(𝑗) ≤ 𝐷𝐸_𝑜𝑛(𝑗 − 1) + 𝐷𝐸_𝑜𝑛 (𝑗 + 1) 
 
𝐷𝐸_𝑜𝑛(𝑗) ≥ 𝐷𝐸_𝑜𝑛(𝑗 − 1) + 𝐷𝐸_𝑜𝑛(𝑗 + 1) − 1 
 
 
Nominal Capacity 
Minimal Load 
Costs
apacity 
Load Curve
apacity 
Generator Power
apacity 
Evaporator Power
apacity 
 Nominal CCondenser Power
apacity 
 Nominal CTher al chiller ON
apacity 
 Nominal C
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5.3.4. Single Effect Absorption Chiller 
 
Also for the single effect absorption chiller is necessary to do the same considerations of the 
double effect absorption chiller [11]. The maximum load that is possible to find in the 
monitored data is almost the 60% of the design value while the lowest value is this time over 
20% although there are occasion in which the machine work at almost the 10% of its maximum 
load. In this case it is necessary to subdivided the hot water flow into three parts: the part that 
is sent to the single effect, the part that is sent to the users and the part that has to be dissipated 
by the dry cooler. This last part is very important because it identifies a cost for the plant. The 
evaluation of this cost is made by a linear relation ,provided directly by employers at the plant, 
between the heat power dissipated and the electrical power absorbed by the dry cooler. Also 
in this case, “SE_ON” is a binary variable that can assume the value of 0, if the SE chiller is 
switched OFF, and 1, if the SE chiller is switched ON. The constraints regarding the minimum 
and maximum capacity are respectively set to 600 [kW] and 2000 [kW] and their influence 
will be better analysed in a separate section. The input and the output for the single effect 
absorption chiller are the same of the DE chiller. Table 12 and Figure 35 show the data used 
for the description of the unit and the regression line obtained for linking the hot and the cold 
flow while the equations are: 
 
𝐼𝐶𝐸𝐻𝑊(𝑗) = 𝑄𝑔𝑒𝑛 𝑆𝐸(𝑗) + 𝐻𝑊𝑑𝑖𝑠𝑠(𝑗) + 𝐼𝐶𝐸𝐻𝑊 𝑡𝑜 𝑢𝑠𝑒𝑟𝑠 (𝑗) 
 
𝐷𝑟𝑦 𝐶𝑜𝑜𝑙𝑒𝑟𝑒𝑙(𝑗) = 0,0129 ∙ 𝐻𝑊𝑑𝑖𝑠𝑠(𝑗) + 1,83 
 
𝑄𝑒𝑣𝑎 𝑆𝐸(𝑗) = 0,0759 ⋅ (𝑄𝑔𝑒𝑛 𝑆𝐸(𝑗) + 𝐵𝑜𝑖𝑙𝑒𝑟𝐻𝑊 𝑡𝑜 𝑆𝐸(𝑗)) − 247,16 ∙ 𝑆𝐸𝑜𝑛(𝑗) 
  
𝑄𝑒𝑣𝑎 𝑆𝐸(𝑗) ≤ 𝑆𝐸𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∙ 𝑆𝐸𝑜𝑛(j) 
𝑄𝑒𝑣𝑎 𝑆𝐸(𝑗) ≥ 𝑆𝐸𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∙ 𝑆𝐸𝑀𝑖𝑛𝑖𝑚𝑎𝑙 𝐿𝑜𝑎𝑑 ∙ 𝑆𝐸𝑜𝑛(j) 
𝑆𝐸_𝑜𝑛(𝑗) ≤ 𝑆𝐸_𝑜𝑛(𝑗 − 1) + 𝑆𝐸_𝑜𝑛 (𝑗 + 1) 
 
𝑆𝐸_𝑜𝑛(𝑗) ≥ 𝑆𝐸_𝑜𝑛(𝑗 − 1) + 𝑆𝐸_𝑜𝑛(𝑗 + 1) − 1 
 
 
 
 
 
 
 
 
  CHAPTER 5 
 
43 
 
 
 
Table 12 Working conditions for the SE 
 
 
 
Figure 35: Load curve for the single effect absorption chiller 
 
 
 
Date
F HotW 
SE [m3/h]
T HotW 
outSE
T 
HotW 
inSE
Q gen 
[kW]
F ChillW 
SE [m3/h]
T 
ChillW 
outSE
T 
ChillW 
inSE
Q eva 
[kW]
F CoolW 
SE [m3/h]
T 
CoolW 
outSE
T CoolW inSE Q cond 
[kW]
Energy 
Balance 
[kW]
COP Load %
3.June.2011 45,43 54,37 84,28 1579,44 441,23 5,18 7,11 993,04 899,08 28,48 26,50 2065,44 507,04 0,63 30,32
4.June.2011 220,07 65,62 76,21 2710,75 439,94 5,79 9,32 1805,78 796,24 32,07 27,35 4370,01 146,51 0,67 55,14
5.June.2011 219,75 65,07 76,12 2824,32 440,70 5,73 9,56 1962,56 796,83 31,59 26,55 4673,50 113,38 0,69 59,93
25.July.2011 218,51 66,61 76,51 2517,14 439,99 5,56 8,72 1618,16 844,56 32,56 28,52 3971,00 164,30 0,64 49,41
5.June.2012 198,23 66,81 78,97 2802,70 439,65 5,49 9,14 1866,07 854,76 32,25 27,85 4372,43 296,34 0,67 56,98
7.June.2012 163,02 66,80 80,91 2673,50 439,90 5,43 8,88 1764,19 878,60 32,39 28,42 4057,79 379,91 0,66 53,87
13.June.2012 131,94 65,37 85,04 3017,51 439,26 5,23 9,12 1986,91 874,81 31,66 27,19 4544,58 459,84 0,66 60,67
3.June.2014 14,67 43,80 87,00 736,64 393,95 4,98 5,75 352,02 881,64 27,35 26,71 659,05 429,61 0,48 10,75
10.June.2014 60,60 56,56 83,78 1917,84 466,53 5,43 7,72 1240,23 878,75 30,17 27,57 2659,75 498,32 0,65 37,87
10.June.2014 31,96 50,59 83,45 1221,45 467,49 4,98 6,30 715,29 876,35 28,19 26,73 1485,79 450,95 0,59 21,84
25.June.2014 61,01 56,80 83,04 1861,34 453,48 5,22 7,49 1196,96 878,65 29,45 26,93 2575,54 482,76 0,64 36,55
27.June.2014 44,57 56,76 83,82 1402,39 439,18 4,99 6,54 790,62 881,45 29,64 27,96 1724,30 468,72 0,56 24,14
1.July.2014 113,40 61,24 82,41 2792,24 440,70 5,25 8,87 1853,88 918,90 30,04 26,15 4158,03 488,09 0,66 56,61
16.July.2014 172,58 65,64 76,51 2181,94 467,71 5,13 7,54 1314,76 880,85 31,40 28,33 3149,29 347,42 0,60 40,15
16.July.2014 191,90 55,44 59,20 838,55 467,57 5,73 6,50 419,45 877,16 27,86 26,90 979,08 278,92 0,50 12,81
17.July.2014 153,94 62,34 71,78 1690,77 467,41 5,63 7,42 973,18 876,25 30,53 28,23 2338,25 325,70 0,58 29,72
Nominal Condition 4366 3275 0,75 100
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The thermal chillers are characterized by a relatively long transient time during the start-up. 
When the component is in start-up phase sometimes is required to achieve the requested 
temperature in the generator and start producing the refrigerant. Once the heating source of 
the generator is stopped, the hot solution in the generator is able to continue producing vapour 
during some time.  
As a function of the size of the units, once the heat source starts delivering heating to the 
generator, the production of cooling in the evaporator can take some time. This delay depends 
on the size of the chiller and of the quantity of solution that must be heated. It is impossible 
to contemplate this effect in a mathematical programming optimization model for several 
reasons. In case of a period of a day, it is possible to assume that the heat supplied to the 
generator until the evaporator starts producing cooling, can be recovered because the cooling 
production will last some time once the heating supply to the generator is stopped. From 
economic and energetic points of view could be not necessary to consider this effect, but in 
terms of operational and schedule optimization, in particular for the DE absorption chiller, 
this inertia could be important., because it affects the operation of cogeneration unit. [9] 
 
5.3.5. Compression Chiller 
 
Compression chiller is an alternative solution for the production of chilled water. It is fed by 
electricity that can come from the national grid or from the engines if they are working at the 
same time. Because of the absence of a power sensor for the consumed electricity, it is 
necessary to impose a constant COP to evaluate the consumption and in the model this value 
is equal to 4. The only constraint for the compression chiller is its maximum capacity, 5000 
[kW], and there are no limitation about its minimum capacity. “CC_ON” is a binary variable 
that can assume the value of 0, if the CC is switched OFF, and 1, if the CC is switched ON. 
 
 
𝐶𝐶𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑗) ≤ 𝐶𝐶𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ⋅ 𝐶𝐶𝑜𝑛(𝑗) 
 
𝐶𝐶𝑒𝑙(𝑗) =
𝐶𝐶𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑗)
𝐶𝑂𝑃𝐶𝐶
 
 
 
𝐶𝐶_𝑜𝑛(𝑗) ≤ 𝐶𝐶_𝑜𝑛(𝑗 − 1) + 𝐶𝐶_𝑜𝑛 (𝑗 + 1) 
 
𝐶𝐶_𝑜𝑛(𝑗) ≥ 𝐶𝐶_𝑜𝑛(𝑗 − 1) + 𝐶𝐶_𝑜𝑛(𝑗 + 1) − 1 
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5.3.6. Storage System 
 
The storage system can work in charge or discharge phase and the model has to take into 
consideration both the operation mode. It is also necessary to contemplate the possibility to 
send the chilled water directly to the users by-passing the storage system. Figure 36 show the 
input and output of the storage while Figure 37 shows the scheme used for its characterization. 
[9] 
 
 
Figure 36: Input and output for the storage 
 
Figure 37: Scheme used for the storage optimization 
𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑖𝑛(𝑗) + 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝐵𝑦𝑃𝑎𝑠𝑠(𝑗) = 𝑄𝑒𝑣𝑎 𝐷𝐸(𝑗) + 𝑄𝑒𝑣𝑎 𝑆𝐸(𝑗) + 𝐶𝐶𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑗) 
𝐶ℎ𝑖𝑙𝑙 𝐷𝑒𝑚𝑎𝑛𝑑(𝑗) = 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑜𝑢𝑡(𝑗) + 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝐵𝑦𝑃𝑎𝑠𝑠(𝑗) 
𝐸𝑛𝑒𝑟𝑔𝑦 𝐵𝑎𝑙𝑎𝑛𝑐𝑒(𝑗) = 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑖𝑛(𝑗) − 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑜𝑢𝑡(𝑗) 
𝐸𝑛𝑒𝑟𝑔𝑦 𝐿𝑒𝑣𝑒𝑙(𝑗) = 𝐸𝑛𝑒𝑟𝑔𝑦 𝐿𝑒𝑣𝑒𝑙(𝑗 − 1) + 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑖𝑛(𝑗) + 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑜𝑢𝑡(𝑗) 
𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑖𝑛(𝑗) ≤ 2000 ∙ 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑜𝑛(𝑗) 
𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑜𝑢𝑡(𝑗) ≤ 2000 ∙ (1 − 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑜𝑛(𝑗)) 
∑ 𝑦1 ≤ 23
24
𝑗=1
 
𝐸𝑛𝑒𝑟𝑔𝑦 𝐿𝑒𝑣𝑒𝑙(𝑗) ≤ 𝑀𝑎𝑥 𝐿𝑒𝑣𝑒𝑙 ∙ 𝑦1 
Charge/Discharge Phase 
Chill Demand
apacity 
 Nominal C
Max Level
apacity 
 Nominal C
Power Limit
apacity 
 Nominal CEmpy one time 
Charge/Discharge Power 
ByPass Power 
Energy Level 
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The first two equations are necessary to establish the amount of chilled water that goes directly 
to the users or that is collected by the tank. The 4
th
 equation allows to know the energy level 
of the storage for every hour of the day while the 5
th
 and 6
th
 equations set a limit to the power 
that can enter or exit from the tank in accordance to the monitored data. Storageon is a binary 
variable that allow to have either the charge phase or the discharge phase but never the 
simultaneity of both. Finally, y1 is another binary variable that assume, at least once 
(penultimate equation), a value equal to 0 and allow to impose a complete emptying of the 
tank at least one hour a day (last equation). 
 
5.3.7. Cooling Tower 
 
For taking into account, not only the electrical cost regarding the fans of the cooling towers, 
but also the cost for the restoration of the evaporated water these equations have been added. 
[12]. The electrical consumption of the cooling towers fans is given in [7] and it is possible to 
assume a linear relationship between the electrical power and the dissipated heat: 
𝑃𝑒𝑙 =
𝑄𝐶𝑇,𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
114,2
 
The equations for the model are: 
 
𝐼𝐶𝐸𝐶𝑇(𝑗) =  ∑ 370
3
𝑖=1
∙ 𝐼𝐶𝐸𝑜𝑛(𝑖, 𝑗) 
𝐶𝑇𝐷𝐸(𝑗) =
(𝑄𝑔𝑒𝑛 𝐷𝐸(𝑗) + 𝑄𝑒𝑣𝑎 𝐷𝐸(𝑗))
114,2
 
𝐶𝑇𝑆𝐸(𝑗) =
(𝑄𝑔𝑒𝑛 𝑆𝐸(𝑗) + 𝑄𝑒𝑣𝑎 𝑆𝐸(𝑗))
114,2
 
𝐶𝑇𝐶𝐶(𝑗) = 𝐶𝐶𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑗) ∙
𝐶𝑂𝑃𝐶𝐶 + 1
𝐶𝑂𝑃𝐶𝐶
∙
1
114,2
 
 
𝑄𝐶𝑇(𝑗) = 𝑄𝑔𝑒𝑛 𝐷𝐸 (𝑗) +  𝑄𝑒𝑣𝑎 𝐷𝐸(𝑗) + 𝑄𝑔𝑒𝑛 𝑆𝐸 (𝑗) +  𝑄𝑒𝑣𝑎 𝑆𝐸(𝑗) + 𝐼𝐶𝐸𝐶𝑇(𝑗)
+  𝐶𝐶𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑗) ∙
𝐶𝑂𝑃𝐶𝐶 + 1
𝐶𝑂𝑃𝐶𝐶
 
 
𝑚𝑎(𝑗) =
𝑄𝐶𝑇(𝑗)
10 + 2500 ∙△ 𝑤 −△ 𝑤 ∙ 4,186 ∙ 25
 
 
𝑀𝑎𝑘𝑒 𝑈𝑝𝑤𝑎𝑡𝑒𝑟(𝑗) = 𝑚𝑎 ∙△ 𝑤 ∙ 3,6 
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Where 10 is the assumed difference of temperature between the input and output air in the 
tower, 25 °C is a typical temperature for the make-up water and Δw is the difference in specific 
umidity [13] [14] at the inlet and outlet air streams 
 
5.3.8. Auxiliary Units 
 
The auxiliary units are the pumps and the ventilation fans necessary for the proper operation 
of the trigeneration power plant. The electrical consumption of these units could influence the 
operational strategy. Several pumps are located in the circuit of the engines, of the hot water, 
of the chilled water and of the cooling tower. 
Each engine has a pump for the high temperature circuit, for the low temperature circuit and 
one for the circuit that involves the cooling towers. The single effect absorption chiller has a 
pump for the hot water sent to the generator, one for the chilled water of the evaporator and 
one for its condenser/absorber. The double effect absorption chiller, instead, has just a pump 
for the chilled water and one for the condenser/absorber circuit as well as the compressor. 
The binary variables in the equations allow to consider the costs of these components only in 
the case the respective circuit is working. 
Table 13 show the consumption of the pump while the equations are shown below. 
 
 
Table 13: Pumps in the circuit of each unit 
𝑃𝑢𝑚𝑝1𝐸𝑛𝑔𝑖𝑛𝑒(𝑗) =  ∑ 𝐼𝐶𝐸𝑜𝑛
3
𝑖=1
(𝑖, 𝑗) ∙ 7,6 
𝑃𝑢𝑚𝑝2𝐸𝑛𝑔𝑖𝑛𝑒(𝑗) =  ∑ 𝐼𝐶𝐸𝑜𝑛
3
𝑖=1
(𝑖, 𝑗) ∙ 2,6 
 
 
 
Unit
Electrical consumption 
of the pumps [kW]
7,8
22,8
12,6
22
38
98
60
118
50
69
Cooling Tower
ENGINES
Circuit
DE
CC
Hot water circuit
Chilled Water
Condenser/Absorber Circuit
Chilled Water Circuit
Condenser/Absorber Circuit
Chilled Water Circuit
Condenser/Absorber Circuit
Low Temperature Circuit
High Temperature Circuit
SE
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𝑃𝑢𝑚𝑝3𝐸𝑛𝑔𝑖𝑛𝑒(𝑗) =  ∑ 𝐼𝐶𝐸𝑜𝑛
3
𝑖=1
(𝑖, 𝑗) ∙ 4,2 
𝑃𝑢𝑚𝑝1𝑆𝐸(𝑗) = 22 ∙ 𝑆𝐸𝑜𝑛(𝑗) 
𝑃𝑢𝑚𝑝2𝑆𝐸(𝑗) = 38 ∙ 𝑆𝐸𝑜𝑛(𝑗) 
𝑃𝑢𝑚𝑝3𝑆𝐸(𝑗) = 98 ∙ 𝑆𝐸𝑜𝑛(𝑗) 
𝑃𝑢𝑚𝑝1𝐷𝐸(𝑗) = 60 ∙ 𝐷𝐸𝑜𝑛(𝑗) 
𝑃𝑢𝑚𝑝2𝐷𝐸(𝑗) = 118 ∙ 𝐷𝐸𝑜𝑛(𝑗) 
 
𝑃𝑢𝑚𝑝1𝐶𝐶(𝑗) = 50 ∙ 𝐶𝐶𝑜𝑛(𝑗)𝑃𝑢𝑚𝑝2𝐶𝐶(𝑗) = 70 ∙ 𝐶𝐶𝑜𝑛(𝑗) 
 
𝑉𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛𝐼𝐶𝐸 𝑟𝑜𝑜𝑚𝑠(𝑗) =  ∑ 𝐼𝐶𝐸𝑜𝑛
3
𝑖=1
(𝑖, 𝑗) ∙ 74 
𝑉𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛𝐶𝐶 = 40 ∙ 𝐶𝐶𝑜𝑛(𝑗) 
 
The last two equations refers to the ventilation system for the internal combustion engines and 
for the compression chiller, also its consumption can affect the objective function. The 
electricity for the auxiliary unit is provided by the engines, if they are working, otherwise it has 
to be purchase from the grid. [7] 
 
5.3.9. Off-peak shift for the workers 
 
Actually, the staff of the plant consists of three workers. Considering eight hour of work for 
each one, during the day it will be an off-peak shift that must coincide with the hours in which 
the internal combustion engine are switched OFF. So, during the off-peak shift, the cooling 
demand can be covered only by the compression chiller and the storage system while the hot 
demand only by the boiler. 
To take into account this situation, two binary variable are necessary.  
∑ 𝑦𝑇(𝑗)
24
𝑗=1
≤ 23 
 
𝑦𝑇 ∙ 8 ≥ 𝑦𝐴(𝑗) + 𝑦𝐴(𝑗 − 1) + 𝑦𝐴(𝑗 − 2) + 𝑦𝐴(𝑗 − 3) + 𝑦𝐴(𝑗 − 4) + 𝑦𝐴(𝑗 − 5)
+ 𝑦𝐴(𝑗 − 6) + 𝑦𝐴(𝑗 − 7) 
 
𝑦𝐴(𝑗) ∙ 𝑁𝑢𝑛𝑖𝑡 ≥ ∑ 𝐼𝐶𝐸𝑜𝑛(𝑖, 𝑗) + 𝐷𝐸𝑜𝑛(𝑗) + 𝑆𝐸𝑜𝑛(𝑗)
3
𝑖=1
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The first equation requests, with the binary variable yT, at least one hour in which there is no 
one in the plant and leaves freedom to decide what is the best time. The second equation 
determines the duration of the 8-hours shift and, if yT is equal to 0, also yA must be equal to 0 
for 8 consecutive hours. The last equation requires that, during the empty turn, the internal 
combustion engines have to be switched OFF. 
 
5.3.10. Electrical Balance 
 
In each hour is necessary to identify the electricity sold to the grid or purchase from the grid. 
In the model there is the assumption that it is not possible buy and sell in the same hour 
although this is not strictly true in reality. Also in this case, this is possible with the aid of a 
binary variable, Gridon, that is equal to 0 or 1 if the electricity is sold or purchased form the 
grid. Finally, C is a number useful for the construction of the variable. 
 
𝐸𝑙𝑓𝑟𝑜𝑚 𝑔𝑟𝑖𝑑(𝑗) ≤ 𝐶 ∙ (1 − 𝐺𝑟𝑖𝑑𝑜𝑛(𝑗)) 
𝐸𝑙𝐼𝐶𝐸 𝑡𝑜 𝑔𝑟𝑖𝑑(𝑗) ≤ 𝐶 ∙ 𝐺𝑟𝑖𝑑𝑜𝑛(𝑗)  
∑ 𝐼𝐶𝐸𝑒𝑙𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦(𝑖, 𝑗)
3
𝑖=1
+ 𝐸𝑙𝑓𝑟𝑜𝑚 𝑔𝑟𝑖𝑑(𝑗) =
= 𝐸𝑙𝐼𝐶𝐸 𝑡𝑜 𝑔𝑟𝑖𝑑 + 𝐶𝐶𝑒𝑙 + 𝐶𝑇𝑓𝑎𝑛𝑠 + 𝐸𝑙𝐷𝑟𝑦𝐶𝑜𝑜𝑙𝑒𝑟 + 𝐸𝑙𝑝𝑢𝑚𝑝𝑠 + 𝐸𝑙𝑣𝑒𝑛𝑡𝑖𝑙𝑎𝑡𝑖𝑜𝑛 
 
5.3.11. CO2 Production 
 
The evaluation of the global CO2 emission of the plant can be done with the following 
equation. The emission values for each unit are available in literature [15] [16] and are shown 
in table 14. 
 
 
 
Table 14: Emission values of CO2 
 
𝐶𝑂2𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = ∑ ∑ 𝐼𝐶𝐸𝑓𝑢𝑒𝑙(𝑖, 𝑗) ∙ 0,272 +
3
𝑖=1
24
𝑗=1 ∑ 𝐵𝑜𝑖𝑙𝑒𝑟𝑓𝑢𝑒𝑙(𝑗) ∙ 0,272
24
𝑗=1 +
                             + ∑ 𝐸𝑙𝑓𝑟𝑜𝑚 𝑔𝑟𝑖𝑑(𝑗) ∙ 0,385
24
𝑗=1 − ∑ 𝐸𝑙𝐼𝐶𝐸 𝑡𝑜 𝑔𝑟𝑖𝑑(𝑗) ∙ 0,385 
24
𝑗=1   
 
It is important to consider that the electricity production of the plant avoids the production, of 
the same amount of electricity, by the national grid and so its related emissions. 
Emission Source CO2 [kg/kWh]
Natural Gas 0,272
Electrical Grid 0,385
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5.3.12.  Maintenance Cost 
 
The maintenance cost for each component can be found in the data present in the literature. 
The costs are function of the working hours of the unit. Table 15 shows the values used in the 
model and the equation for the maintenance cost is shown below. 
 
 
 
Table 15: Maintenance cost for each unit 
𝐶𝑜𝑠𝑡𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 =  ∑ ∑ 𝐼𝐶𝐸𝑜𝑛(𝑖, 𝑗) ∙ 20 +
3
𝑖=1
24
𝑗=1 ∑ 𝐵𝑜𝑖𝑙𝑒𝑟𝑜𝑛(𝑗)
24
𝑗=1 ∙ 0,3 + ∑ (𝑆𝐸𝑜𝑛(𝑗) +
24
𝑗=1
𝐷𝐸𝑜𝑛(𝑗)) ∙ 6 + ∑ 𝐶𝐶𝑜𝑛(𝑗) ∙ 15
24
𝑗=1 + 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 ⋅ 24  
 
5.3.13. Operational Cost 
 
The operational costs are the most relevant factor that influences the income of the plant. 
These costs regard the price of the electricity, sold or purchased, and the cost of the natural 
gas.  
Currently the purchase price of the natural gas for the plant is equal to 30,20 [€/MWh] while 
the electricity price depends on the fluctuations of the market and it can change every day. For 
this kind of plant, the electricity price is formed by a variable part and a fixed price. The 
variable part is the price of the market, that must to be checked every day in order to establish 
if the plant has to work or no. [17] The fixed part derives from a support mechanism for CHP 
plant and it is valid from Monday to Friday, for 16 hours a day, from 8 to 24. As it will be 
shown in the sensitivity analysis, the fixed part is essential for the use of the plant in 
cogeneration mode. 
In the model, in order to have situations close to reality, the variable part of the electricity part 
is modified in relation to the day of simulation taken into account. 
The price of the make-up water is equal to 0,0026 [€/m3] [18] [19] 
The equation for the operational cost is: 
 
𝐶𝑜𝑠𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 = ∑ ∑ 𝐼𝐶𝐸𝑓𝑢𝑒𝑙(𝑖, 𝑗) ∙ 𝑁𝐺𝑝𝑟𝑖𝑐𝑒 +
3
𝑖=1  ∑ 𝐵𝑜𝑖𝑙𝑒𝑟𝑓𝑢𝑒𝑙(𝑗) ∙
24
𝑗=1
24
𝑗=1
𝑁𝐺𝑝𝑟𝑖𝑐𝑒 + ∑ 𝐸𝑙𝑓𝑟𝑜𝑚 𝑔𝑟𝑖𝑑(𝑗) ∙ 𝐸𝑙𝑖𝑚𝑝𝑜𝑟𝑡 𝑝𝑟𝑖𝑐𝑒
24
𝑗=1 +  ∑ 𝑀𝑎𝑘𝑒𝑈𝑝 ∙ 𝑃𝑟𝑖𝑐𝑒𝑤𝑎𝑡𝑒𝑟
24
𝑗=1   
 
Component
Cogeneration engines
Thermal Chillers
Compression Chiller
Boiler
Storage System
20
6
15
0,3
15
Maintenance Cost [€/h]
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5.3.14. Income of the plant and objective function of the model 
 
The income to the plant descends from the sale of electricity to the grid and from the sale of 
chilled and hot water to the users. The sale price of these last two terms is equal to 4 [c€/kWh] 
 
𝐼𝑛𝑐𝑜𝑚𝑒 = ∑(𝐸𝑙𝑡𝑜 𝑔𝑟𝑖𝑑(𝑗)
24
𝑗=1
∙ 𝐸𝑙𝑒𝑥𝑝𝑜𝑟𝑡 𝑝𝑟𝑖𝑐𝑒 + 𝐷𝑒𝑚𝑎𝑛𝑑𝑐𝑜𝑜𝑙𝑖𝑛𝑔(𝑗) ∙ 𝑃𝑟𝑖𝑐𝑒𝑐𝑜𝑜𝑙𝑖𝑛𝑔
+ 𝐷𝑒𝑚𝑎𝑛𝑑𝐻𝑊(𝑗) ∙ 𝑃𝑟𝑖𝑐𝑒𝐻𝑊) 
 
The objective function is the difference between the income to the plant and the operational 
and maintenance costs. This is a free variable, because it could be positive or negative, and it 
must be maximized. 
 
𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 = 𝐼𝑛𝑐𝑜𝑚𝑒 − 𝐶𝑜𝑠𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 − 𝐶𝑜𝑠𝑡𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 
 
5.3.15.  COP and PES of the plant 
 
At the end of the optimization process is possible to calculate some important parameters for 
the plant as the COP of the single and double effect absorption chiller and the primary energy 
saving with the assumption of different reference scenarios (Table 16). [20] 
 
 
 
Table 16: Reference efficiency scenarios 
 
The low-efficiency reference values could be used for a typical comparison with equipment 
used in non-centralized system for residential or tertiary applications. 
The average reference values could be applied for dealing with the equipment used in 
centralized system for residential or tertiary or some industrial applications. 
The intermediate reference values could be used for dealing with industrial equipment. 
Finally, the state of the art reference values point to the best technologies that can normally be 
encountered today (ruling out specific higher-efficiency equipment and prototypes available 
but not yet commercialized). [20] 
 
Efficiency scenario ηel ηboiler COP
Low efficiency 0,4 0,8 3
Average 0,4 0,9 4
Intermediate 0,45 0,95 5
State of the art 0,55 0,98 6
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The lines to add in the model are: 
 
𝐼𝑓 𝑆𝐸𝑜𝑛(𝑗) ≥ 1, 𝐶𝑂𝑃𝑆𝐸(𝑗) =
𝑄𝑒𝑣𝑎𝑆𝐸
𝑄𝑔𝑒𝑛𝑆𝐸 + 𝑄𝑏𝑜𝑖𝑙 𝑡𝑜 𝑆𝐸
 
 
𝐼𝑓 𝐷𝐸𝑜𝑛(𝑗) ≥ 1, 𝐶𝑂𝑃𝐷𝐸(𝑗) =
𝑄𝑒𝑣𝑎𝐷𝐸
𝑄𝑔𝑒𝑛𝐷𝐸
 
 
𝐼𝑓 𝑆𝐸𝑜𝑛(𝑗) ≥ 1 𝑜𝑟 𝐷𝐸𝑜𝑛(𝑗) ≥ 1, 𝑃𝐸𝑆𝑘(𝑗) = 1 −
∑ 𝐼𝐶𝐸𝑓𝑢𝑒𝑙(𝑖,𝑗)
3
𝑖=1
∑ 𝐼𝐶𝐸𝑒𝑙𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
3
𝑖=1
𝜂𝑒𝑙𝑆𝑅,𝑘
+
𝐻𝑊𝑡𝑜 𝑢𝑠𝑒𝑟𝑠
𝜂𝑏𝑜𝑖𝑙𝑒𝑟𝑆𝑅,𝑘
+
𝑄𝑒𝑣𝑎𝑆𝐸
+𝑄𝑒𝑣𝑎𝐷𝐸
𝜂𝑒𝑙𝑆𝑅,𝑘
∙𝐶𝑂𝑃𝑆𝑅,𝑘
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
6. Optimization results 
 
The model is now used to evaluate the optimal operational strategy and to analyse the 
differences with the real schedule of the plant. Of course, because of the simplicity of the 
model, it is not possible taking into account the transitional periods of the units, especially for 
the thermal chillers, but the simulations can offer important information about the amount of 
working hours for each component and the power that it should produce. Because of the high 
level of interconnection of the units, particularly between the single effect absorption chiller, 
the double effect absorption chiller and the storage, and of the need to limit the working hours 
of the compression chiller, the simulations results could offer good indication. 
The model was used for evaluating alternative strategies, to those adopted by the plant, in 
typical days of almost each month of the year, in a weekend day and in some particular days 
where the cooling demand was very different respect to the traditional trend. [8] [21] Each day 
is subdivided in 24 time steps. Then, with the aid of a spreadsheet created on Microsoft Excel, 
it was possible to evaluate the production for each component, the revenues of the plant and 
the operational and maintenance costs in the same day analysed with the model. 
In this chapter the results for some of the simulations are shown. 
 
6.1. A typical day of May 
 
The day taken into account is the 29
th
 of May 2014 when the plant works, at the same time, 
with all the internal combustion engine. The engines are switched ON at 8 and switched OFF 
at 24, their transitional time is very low and it is almost 20 minutes. 
The trends of the cooling demand and of the import and export price of electricity are shown 
in Figure 38 e 39. 
 
 
Figure 38: Chilled Demand [kWh] 
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Figure 39: Import and export price of the electricity on the 29th of May 
The trend of the cooling demand is typical for most of the working days with the minimal 
during the night, an increase during the morning, before to reach the maximum in the central 
part of the day, and a decrease in the afternoon with some stable hours from 18 to 21. The 
trend also shows that the cooling demand is lower than the installed power with a maximum 
value of almost 2,9 [MW], only the 35% of the total capacity of both thermal chillers. 
The trends of the electricity price are similar in all the analysed days, with differences just on 
their maximum values. The blue line shows how can be important the fixed price for the plant. 
 
 
Figure 40: Differences between the optimal and the real chill production [kW] 
Figure 40 shows the difference between the optimal chill production and the real production. 
From the simulation results, it would be better for the plant to switch ON the engine from 12 
to 20. The double effect absorption chiller works in the same hours of the ICEs at the 
maximum limit imposed in the model, with a slight decrease in power for only two hours. The 
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single effect absorption chiller works from 13 to 20 unlike what happens in the real operational 
mode where the DE chiller and the SE chiller work simultaneously with the engines. The DE 
chiller works, always, with a COP equal to 1 while the SE chiller with a COP equal to 0,67. 
For the night it is convenient the use of the compression chiller but in the real case it must 
operate at a higher power because of the energy stored in the tank. 
 
Figure 41: Coverage of the demand during the day [kWh] 
Figure 41 shows how the demand is covered during the day. In the simulation there is a better 
utilization of the storage that is mostly used during the night although a little bit of power is 
discharged also in some hours of the day. The energy level of the storage, for each hour of the 
day, is shown in Figure 42. 
 
 
Figure 42: Energy level of the storage [kWh] 
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The storage reaches its maximum level, almost 14000 [kWh], at the end of the day thanks to 
a charge-phase that occurs in the same working hours of the SE chiller. It is discharged night-
long and it is empty all the morning. 
The objective function, and so the gain of the plant, is shown in Table 17 and it is possible to 
deduce that the plant is able to reach the economic optimum, in fact the real value is very close 
to the value obtained with the model. 
 
Table 17: Costs for the plant 
In Table 18 there are the minimum and maximum values, in percentage, of the primary energy 
saving that the plant can obtain. The maximum value is obtained when both the thermal 
chillers work together while the minimum value is when only the DE chiller works. 
Interestingly, the primary energy saving is negative only if the system is compared with the best 
available technology and this underlines the importance that these types of plants can have in 
a perspective of energy saving. 
 
 
Table 18: Primary energy saving for different scenarios (%) 
 
 
 
 
 
 
 
 
Model Real
Maintenance costs (€) 1274 1250
Operational costs  (€) 11203 10631
Income  (€) 17833 17194
Objective  (€) 5356 5313
Minimum Maximum
Average 17,3 21
Intermediate 5,7 9,1
State of art -16,4 -12,8
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6.2.  A typical day of June 
 
The day taken into account is the 12
th
 of June 2014 when the plant works, at the same time, 
with all the internal combustion engines. The engines are switched ON at 8 and switched OFF 
at 24, their transitional time is very low and it is almost 20 minutes. 
The trends of the cooling demand and of the import and export price of electricity are shown 
in Figure 43. 
 
 
Figure 43: Chilled Demand [kWh] and Electricity Price 
The trend of the cooling demand is more or less similar to the previous one but in this case 
the demand is higher with a peak value of almost 3,5 [MW], the 42% of the total capacity of 
both thermal chillers. The electrical price, this time, does not show many fluctuations during 
the day and in the afternoon it is enough constant. 
 
Figure 44: Differences between the optimal and the real chill production [kW] 
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The plant works, in both cases, from 8 to 24. In the real operational mode, the thermal chillers 
follow the same hours of the engines; in the morning, they produce, more or less, a stable 
power, with the double effect that reaches an output of more than 3 [MW], while in the 
afternoon there is a decrease. The trend of the single effect and of the double effect is very 
similar. During the night the use of the compression chiller is necessary, with two peaks, at the 
beginning and at the end, and a constant production in the middle of the night. From the 
results of the simulation, instead, it is possible to see that the DE chiller works in the same 
hours of the engine at the maximum limit imposed while it is useful that the SE works from 8 
to 12 and from 16 to 22. This is the most important difference with the real schedule although 
the total production is more or less the same, almost 16000 [kWh]. Certainly, taking into 
consideration the transitional time of the machine, it is not convenient stop it in the middle of 
the day and it is preferable use it all the day although at reduced load. The compression chiller 
presents, instead, only one peak and the same constant production of the real case because 
the energy storage tank is able to meet better the demand.  
Figure 45 shows how the demand is covered in the two cases. In the real schedule the storage 
it is used just in the night, from 2 to 8, with peak of discharge power of almost 2000 [kW] 
while, in the suggested schedule of the simulation the storage is used night long and also from 
12 to 16,when the single effect absorption chiller is switched OFF, as shown in Figure 42. 
 
 
Figure 45: Coverage of the demand during the day [kWh] 
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Figure 46: Energy Level of the Storage [kWh] 
The storage reaches the maximum level of 15000 [kWh]. It is discharged during the night and 
when the SE chiller does not work but the SE chiller is also responsible for its charging. The 
storage is completely empty when the engines start working. 
 
 
 
 
Table 20: PES for different reference scenarios (%) 
 
6.3. A typical day of July (2 ICEs) 
 
The day taken into account is the 23
rd
 of July 2014. During this day, as it happens in other 
days, the plant works, at the same time, with only two engines. The engines are switched ON 
at 8 and switched OFF at 24, their transitional time is very low and it is almost 20 minutes. 
The trends of the cooling demand and of the import and export price of electricity are shown 
in Figure 47. 
 
 
Model Real
Maintenance costs (€) 1292 1253
Operational costs  (€) 11246 10938
Income  (€) 19825 19410
Objective  (€) 7287 7219
Minimum Maximum
Average 17,3 20,9
Intermediate 5,6 9,1
State of art -16,4 -12,8
Table 19: Costs of the plant 
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Figure 47: Chilled Demand [kWh] and Electricity Price 
The cooling demand increases in the morning, reaches a peak of 3,6 [MW], the 43,5% of the 
total capacity of both thermal chillers, and decreases from 18. The cooling demand during the 
night is higher than the previous days, almost 3,1 [MW] with a peak of 3,3 [MW] at 5. The 
electrical price, this time, does not show many fluctuations: it is more or less constant during 
the day with a peak price at the end of the morning.  In this case, also the simulation is done 
with only two engines and the results and the comparison with the real schedule is shown in 
Figure 48. 
 
Figure 48: Differences between the optimal and the real chill production [kW] 
The DE chiller follows the working-hours of the engines with a load of 2,5 [MW], the same 
load that also the plant tries to keep. The SE chiller, instead, works from 8 to 10 and from 19 
to 24 while, as usual, in the real schedule it works all the day. Although the solution of the 
simulation may be the economic optimum, it must be consider that, if the SE chiller does not 
work, all the amount of hot water produced by the engines has to be dissipated by the dry 
chiller. This could be the reason why it is preferable to use as much as possible the single effect 
absorption chiller. Due to the absence of an updated legislation about the equivalent electrical 
efficiency (EEE) it is no possible to use a constraint in the model for restricting this dissipation.  
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During the night the usage of the compression chiller is very high in both cases, this is due to 
the high cooling demand and to the use of only two engines. 
 
Figure 49: Coverage of the demand during the day [kWh] 
In the real schedule the storage is used only during the night while the economical optimization, 
suggests to charge it during the night, with the compression chiller, and to discharge it, not only in the 
first and last part of the night, but also when the SE chiller is switched OFF. During the day, the storage 
is charge in the same working hour of the single effect absorption chiller. 
 
Figure 50: Energy level of the storage [kWh] 
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Table 21 shows that with the suggested schedule of the model it is possible to have a higher 
gain than that of the plant. 
 
Table 21: Costs of the plant 
Table 22 show the minimum and maximum values of PES that is possible to reach. The 
maximum values is reached during the hours in which the SE and DE chillers works together. 
The same simulation, made with all the three engines available, show lowest values of the 
primary energy saving. 
 
Table 22: Primary energy saving for different scenarios (%) 
6.4. A typical day of November 
 
The day taken into account is the 16
th
 of November 2012. The cooling demand (Figure 51) is 
very low, with a peak of 1,3 [MW] at 13, almost the 16% of the total thermal chillers capacity, 
and the hot demand is higher than the other days. The electricity price is almost constant until 
17 and then reaches a peak in the evening.  
 
 
Figure 51: Chilled Demand [kWh] and Electricity Price 
 
 
Model Real
Maintenance costs (€) 922 983
Operational costs  (€) 7864 7765
Income  (€) 14170 13485
Objective  (€) 5383 4737
Minimum Maximum
Average 19,1 24,2
Intermediate 7,4 12,2
State of art -14,5 -9,4
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Figure 52: Differences between the optimal and the real chill production [kW] 
Figure 52 shows the differences of production between the real case and the economical 
optimum. The plant used the DE chiller from 9 to 14, the SE chiller all the day, for reducing 
the amount of hot water to dissipate, and the compression chiller during the night at a very 
low capacity. The simulation shows that all the demand could be covered just with the DE 
chiller working from 8 to 16 at 3 [MW] for the most of the time. All the remaining hours can 
be covered by the storage as shown in Figure 49. 
 
Figure 53: Coverage of the demand during the day [kWh] 
In the real operational mode, during the night, the demand is covered from the storage with a 
little help from the compression chiller and also in some hours of the day there is a little bit 
of discharged power. So, with this kind of demand, the storage could be very useful although, 
in the absence of a consistent demand of hot water, the amount of heat to dissipate is very 
high. For reducing it, it would be possible the replacement of the double effect absorption 
chiller with the single effect absorption chiller without a maximum limit for its capacity. Figure 
54 shows the energy level of the storage for each hour of the day; it reaches the maximum level 
of 14000 [kWh] before to be discharged. 
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Figure 54: Energy Level of the storage [kWh] 
 
 
Table 23: Costs of the plant 
 
Table 24: PES for different reference scenarios 
 
6.5. A weekend day 
 
During the weekend the export price of the electricity, without the fixed price, is not affordable 
to allow the plant to start the engine and so all the demand is meet with the compression 
chiller. The demand, typical for all the weekends, and the electricity price are in Figure 55 
while the costs for the plant in Table 25. It appears clearly how the main income for the plant 
derives from the sale of electricity to the grid. 
 
Model Real
Maintenance costs (€) 1104 1192
Operational costs  (€) 10938 10729
Income  (€) 17812 17497
Objective  (€) 5770 5536
Minimum Maximum
Average 16,8 17,8
Intermediate 5,3 6,3
State of art -16,6 15,4
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Figure 55: Chilled Demand [kWh] and Electricity Price 
 
Table 25: Costs of the plant
Model
Maintenance costs (€) 240
Operational costs  (€) 1429
Income  (€) 2667
Objective  (€) 998
  
 
7. Sensitivity analysis 
 
In this chapter will be analysed how changes in one variable will affect the target variable. In 
particular will be analysed: 
 
 The possibility of reduction of CO2 emissions and how a limit on the emissions can 
affect the objective function and the operational strategy of the plant. 
 
 The importance of the fixed price for the export electricity and its limit in order that 
the plant can operate in CHP mode. 
 
 The influence of the ratio between the electricity and natural gas price to understand 
how many internal combustion engines have to work. 
 
 The influence of the cooling demand and of the maximum capacity of the thermal 
chillers on the daily primary energy saving. 
 
All the different situations are analysed by referring to a typical cooling demand of a working 
day with its relative electricity price. Instead, for the last point, have been used several days 
and new trends for the demand have been supposed. In this way it was possible to study the 
operational strategy of the plant from a minimal load to a load higher than the current one. 
 
7.1. Reduction of the CO2  emissions 
 
A typical day, from the previous one, was chosen for this analysis. The first simulation is made 
without any limit on the CO2 emissions; the obtained value coincides with the maximum 
emissions for the plant to achieve the economic optimum. Without changing the objective 
function, various limits on the emissions, compared to the maximum, are imposed. Finally, 
the objective function was changed in order to understand what was the best strategy to 
minimize the daily production of CO2. 
The results are summarized in Table 26 and Figure 56. 
 
 
Table 26: Emissions of the plant 
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Figure 56: Trend of the objective function with various limits on the CO2 emissions 
To obtain the reduction of the CO2 emissions, the engines are progressively switched OFF for 
some hours. For a reduction of the 5%, one engine does not work for two hours while the 
other two work at partial load for almost four hours. A reduction of the 10% requires five 
hours of stop of one engine and eight hours of work at partial load. The trend of the curve, 
and the table, shows that in its initial part a reduction of 5% implies a decrease in the total gain 
of slightly less than 200€. 
Finally, if the objective function change, for minimize the emissions it is better to work with 
the standard units (the compressor chiller and the boiler in this case) and no in cogenerative 
mode. Trigeneration system present higher efficiency than conventional energy supply systems 
and the possibility for sale of electricity to the electric grid is an important way to profit. 
However, this not necessarily represent reduction in emission, which depends on the local 
energy supply and on the source of electricity substituted. [16]  
 
7.2. Importance of the fixed price 
 
The price of electricity represent one of the most significant problem in the decision of the 
operational strategy. In the real working of the plant, it is obviously impossible to predict 
exactly this parameter, therefore the operational schedule is decided through an estimation of 
this price respect to the market condition. With the actual prices of the electricity, for the plant 
would not be convenient to start the engines and advantages in term of incentives from the 
government are necessary. In fact, the production of energy from the trigeneration power is 
based on the electricity price, therefore the government or authorities have to guarantee the 
profits of these types of power plant in order to incentive the production of energy through 
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the recovery of heat. In the first year of work of the plant the selling price of electricity was 
fixed and it was equal to 9,55 [c€/kWh] while in the subsequent years it was equal to 8,23 
[c€/kWh]. Currently the plant can sell its electricity at the market price [17] plus a fixed fee of 
5,035 [c€/kWh].  
Different fixed fees are added to the price market, the light blue curve in Figure 57, in order 
to identify different intervals for the government contribution; the red line is the actual trend 
of the export price. In Figure 58 are shown the different operational strategies for the plant. 
 
 
 
Figure 57: Different trend of the electricity price for different fixed fee [€/kWh] 
 
 
Figure 58: Operational strategies for different fixed price [€/kWh] 
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The figure clearly shows that as long as the export electricity price does not increase, by at least 
0,02 [€/kWh] than the current values, for the plant is not convenient working in cogeneration 
mode but just with the compression chiller and the boiler. With an increase of the price 
between 0,02 and 0,025 [€/kWh], the system can benefit from working with only two engines 
and their working hours increase with the price. From 0,025 to 0,03 [€/kWh]  also the third 
engine can be switched ON but, only when the price increases by 0,03 [€/kWh], the 
poligeneration plant can work with all the ICEs during all the day. 
 
7.3. Ratio between electricity and gas price 
 
The price of natural gas is another input parameter that can influence the strategy decision. 
Actually this cost is fixed at 30,02 [€/MWh] and in general it has not a lot of fluctuations. The 
big producers in the market have a sort of discount in the purchase of this fuel because they 
don’t pay part of the taxes and the costs of distribution. In order to be sure to guarantee the 
gain of the system, the evaluation of the gas price, before the construction of the plant, is very 
important. In fact, if the gas price is higher than 44 [€/MWh], the gain of the plant is negative. 
Of course, the gas price can influence the electricity price and the ratio between them and 
consequently also the operational strategies. 
Figure 59 shows how the ratio between the two prices can determine which the most 
convenient way to operate is. 
With a ratio lower than 2,37, working in a traditional way is the best thing for the plant. 
With a ratio between 2,37 and 2,47, it is convenient working with only two internal combustion 
engines. 
For a ratio over 2,47, it becomes possible working with three internal combustion engines. 
 
Figure 59: Operational strategies for different ratios 
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7.4. Optimal cooling load sharing 
 
The primary energy saving (PES) is now used for the evaluation of the primary energy savings 
for different configurations of the plant. The potential of the PES indicator is illustrated 
through specific analyses run over different combinations of trigeneration equipment, 
providing numerical examples based on time-domain simulations to illustrate the dependence 
of the energy saving characteristics on the CHCP system configurations and equipment, as well 
as on the loading levels. The evaluation of a trigeneration system is becoming a crucial issue 
and requires the adoption of adequate performance indicators. From this perspective, the 
energy savings attributable to adopting one plant configuration compared with another could 
be a suitable indicator for evaluating and comparing the effectiveness of each alternative. The 
effectiveness of adopting the PES is shown in case studies that highlights the manifold key 
variables and parameters for plant performance assessment. The benefit of this kind of 
modelling is that it is possible, starting from the threefold user’s energy need, to track back the 
energy inputs to the whole system. Seeing the whole plant as a black box with fuel and 
electricity as input and electricity, heat and cooling as output, it is easy to calculate and compare 
the PES for different configurations. A crucial point in the numerical assessment of the 
primary energy saving is the merit of assigning suitable values to the reference efficiencies, 
which, in general, will depend on the technologies replaced. It is necessary to define the most 
suitable models for separate generation of the different energy vectors. For cogeneration 
system, the reference values of electricity and heat are modelled through an equivalent thermal 
power plant, including transmission and distribution efficiency, and through an equivalent 
boiler. For the cooling production, the basic alternatives would be a mechanical compression 
cycle or a thermally fed cycle. Undoubtedly, the most widespread equipment for cooling 
generation is based on vapour compression cycles, where the compressor is activated by 
electrical energy. With respect to assigning numerical values to the reference efficiencies, there 
are no official guidelines for this kind of evaluation. [20] In the following analysis intermediate 
efficiency values have been assumed, in particular: electrical efficiency was set equal to 0,45, 
thermal efficiency to 0,95 and the COP of the compression chiller equal to 5 although its 
performance strongly depends on the outdoor temperature. 
 
 𝑃𝐸𝑆(𝑗) = 1 −
∑ 𝐼𝐶𝐸𝑓𝑢𝑒𝑙(𝑖, 𝑗)
3
𝑖=1
∑ 𝐼𝐶𝐸𝑒𝑙𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
3
𝑖=1
0,45 +
𝐻𝑊𝑡𝑜 𝑢𝑠𝑒𝑟𝑠
0,95 +
𝑄𝑒𝑣𝑎𝑆𝐸 + 𝑄𝑒𝑣𝑎𝐷𝐸
0,45 ∙ 5
 
 
The trend used for the cooling demand, Figure 60, well describes the trend of a typical working 
day. Then different load scenarios, Figure 61, and various limits on the capacity of thermal 
chiller are considered, to highlight the impact of different loading levels on the trigeneration 
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plant performance. Hourly based time-domain simulations have been run during the day in 
order to derive the maximum PES, the maximum daily PES and the sharing of the load 
between the single and double effect absorption chiller. The variation of the PES is designed 
as the load limits on SE and DE chillers changed. Different limits can lead to prefer a unit in 
place of another and may determine different charging mode for the storage. The best way to 
operate the plant is to exploit to the maximum the thermal chillers in order to reduce the 
dissipation of hot water and the use of the compressor. 
 
 
Figure 60: Typical cooling demand [kWh] 
 
Figure 61: Different load scenarios [kWh] 
The first scenario analysed, Figure 60 and light blue curve in Figure 61, coincides with the 
actual situation of the plant, with the peak point equal to the 40% of the total capacity of the 
thermal chillers.  All others are derived, from this, assuming an increase in the cooling 
demand, respectively, of the 18%, 40% and 66%. In this way the peak point of the demand is 
equal, respectively, to 50%, 60% and 70% of the total capacity of the plant, 8,25 [MW]. Finally, 
also a situation of minimal load, almost 15% of the total capacity, is analysed (Figure 62). 
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Figure 62: Minimal Load [kWh] 
 
7.4.1. 40% of the total capacity 
 
Figure 63 shows the maximum PES that the plant can reach. The dashed lines represent 
configurations that are no acceptable for the plant since the use of the compressor is necessary 
to charge the storage during the night in order to cover the demand during the day; the solid 
lines therefore represent the acceptable solutions. The maximum PES increases with the 
capacity of the DE chiller until the 70% then there is a decrease due to the fact that all the 
demand is covered by the double effect. The maximum PES is reached when both units 
working simultaneously and so is necessary to find the right configuration that allows adequate 
load sharing. 
 
 
Figure 63: Maximum PES reached by the plant 
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Figure 64 is helpful from this point of view. Each column represents the total production of 
both units, in particular the blue column is the portion produced by the single effect absorption 
chiller while the pale blue is the portion produced by the double effect absorption chiller. 
Solutions that require a massive use of the compressor are not taken into account. The best 
configurations are underlined with the use of orange pillars for the production relative to the 
SE. This has to be chosen between the configurations that allow to obtain the maximum daily 
production and among these the configuration that allow a distribution of load as balanced as 
possible. In this way there is not only the increase of the hours in which the units work together 
but there is also a decrease of the amount of hot water to dissipate. So the load of the SE 
chiller, for this kind of cooling demand, has to be chosen between 60% and 80% while the DE 
chiller load between 50% and 60% despite these configuration do not allow to reach the 
maximum PES, almost 10% in this case. The reasons for this choice are evident in Figure 65 
where is shown the maximum daily trend reachable for different capacity limits.  
 
 
Figure 64: Sharing of the load [kWh] 
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Figure 65: Maximum daily PES 
There are different ways to reach the maximum daily PES of almost 8%: working with the DE 
chiller between 50% and 60%, or over the 90% of its capacity, and with the SE chiller over the 
60%. But for equal PES, it may be useful choosing the configuration in which both the units 
works and with a good amount of cooling production. And exactly these are the modalities 
chosen by the plant. 
The operating point that allows to get the maximum PES and a good distribution of working 
hours, however, does not coincide with the point of maximum economic. The trend of the 
objective function, in fact, is strictly increasing with the DE and SE load as shown in Figure 66 
and Table 27. 
 
Figure 66: Objective function for different load sharing – 40% of the total capacity 
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Table 27: Objective function for different load sharing – 40% of the total capacity 
 
The trend of the objective function is independent of the SE chiller load for values of the DE 
chiller load higher than 70%. Tracking the maximum economic means that the DE and SE 
chiller have to work at almost 93%, with the SE that works just three hours, to gain 7544€ 
although the maximum daily PES is however reached. The other solution is to operate at 
partial load with a gain reduction of almost 200€ due to the increase use of auxiliary units. 
 
7.4.2. 50% of the total capacity 
 
Increasing the cooling demand, also the minimum limit of the chillers must be greater. As 
show in Figure 67, using the SE chiller up to a capacity of 50%, during the night the 
compression chiller has to cover the cooling demand and to fill the storage, for its discharge 
during the day, regardless of the capacity of the DE chiller. The same thing happens with the 
capacity of the double effect between 80% and 93% because it is more cost-effective use the 
storage filled by the compressor and not the single effect. With the increase of the demand 
also the maximum PES reachable by the plant increase. 
 
 
 
 
DE SE 30% SE 50% SE 60% SE 70% SE 80% SE 92%
30 6756 6969 7084 7168 7267 7360
40 6954 7045 7129 7193 7268 7360
50 7143 7159 7195 7246 7306 7374
60 7271 7271 7287 7316 7335 7374
70 7374 7374 7376 7377 7377 7378
80 7469 7469 7469 7469 7469 7469
85 7516 7516 7516 7516 7516 7516
90 7529 7529 7529 7529 7529 7539
93 7529 7529 7533 7540 7541 7544
40% of the total capacity
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Figure 67: Maximum PES reached by the plant 
Figure 68 and Figure 69 allow to understand which is the best configuration. Working with SE 
between 70% and 92% and DE between 50% and 80% allow to reach a PES between 8,7% 
and 8,9%. Once again, Figure 68 is very useful to understand the optimal configuration. Using 
the DE between  50% and 60% is the best way to work for a large amount of hours with both 
chillers, in particular 16 hours for the SE at 80%, with a COP of almost 0,7, and 14 hours for 
the DE at 50% with a COP of almost 1.  
 
 
Figure 68: Sharing of the load [kWh] 
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Figure 69: Maximum daily PES 
Even in this case, from an economical point of view, there are no differences with the DE load 
over 80% as shown in Figure 70 and Table 28 but the economic maximum does not coincide 
with the maximum daily PES. The gain difference between the two possible targets is 150€.  
 
Figure 70: Objective function for different load sharing – 50% of the total capacity 
 
Table 28: Objective function for different load sharing – 50% of the total capacity 
DE SE 30% SE 50% SE 60% SE 70% SE 80% SE 92%
50 7323 7455 7519 7573 7635 7710
60 7517 7569 7612 7656 7702 7757
70 7682 7682 7705 7735 7757 7762
80 7791 7791 7794 7799 7800 7802
85 7839 7839 7839 7839 7839 7839
90 7886 7886 7886 7886 7886 7886
93 7908 7908 7908 7908 7908 7908
50% of the total capacity
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7.4.3. 60% and 70% of the total capacity 
 
The observations made in previous cases can also be applied now. With the increase of the 
demand, the trend of the PES is more regular because becomes compulsory to work with both 
chillers. 
 
Figure 71: Maximum PES (on the left) and Maximum Daily PES (on the right) 
 
 
Figure 72: Sharing of the load [kWh] 
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Figure 73: Objective function for different load sharing – 60% of the total capacity 
 
Table 29: Objective function for different load sharing – 60% of the total capacity 
The PES reachable tracking the economic maximum is very close to the maximum daily PES 
and the difference of profit between the two configurations is almost 130€. 
 
Figure 74: Maximum PES (on the left) and Maximum Daily PES (on the right) 
 
DE SE 30% SE 50% SE 60% SE 70% SE 80% SE 92%
50 7392 7765 7938 8002 8071 8150
60 7667 7964 8046 8101 8165 8229
70 7934 8078 8141 8191 8236 8284
80 8127 8192 8234 8270 8305 8319
85 8224 8249 8279 8312 8335 8339
90 8305 8305 8325 8348 8356 8358
93 8331 8331 8346 8363 8365 8367
60% of the total capacity
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Figure 75: Sharing of the load [kWh] 
Also with an increase of the 66% of the cooling demand it is convenient the use of the DE 
chiller with a capacity that does not exceed the 85% of the total. With the SE at 80%, 15 
working hours with a COP of almost 0,7, and the DE at 80%, 16 working hours with a COP 
of almost 1,16, it is possible to reach a daily PES of 11,35%. Running the thermal chillers at 
maximum capacity is not the best in terms of energy saving but allow to reach a gain of 8932€ 
against 8806€. 
 
7.4.4. Operation at minimum load 
 
With such a low demand, it is never necessary to work with both chillers at the same time 
because both are capable of meeting the demands of users and they can also work for a total 
of hours significantly reduced if compared with the working hours of the engines. With the SE 
at 92%, the DE never work while, at high level of capacity, there are no changes neither in the 
PES nor in the total amount of working hours. Because it could be not convenient to run one 
of the units just for few hours, because of the transitional time, it would be better cover the 
demand either with one or with the other one. Working with the single effect at 92% or with 
the double effect, for example, at 70% allows to have the best daily PES. In the first case it is 
possible to recover a greater amount of hot water while; in the second case, most hot water  
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has to be dissipated but it will be possible to recover an heat source at high temperature. The 
amount of produced energy is always the same but the maximum daily PES increases with the 
DE load because the absorption chiller works fewer hours but at higher power. The trend of 
the PES with the SE load fixed at 40% is because, until the DE load is lower than 30%, both 
the chillers must work, later all the demand is covered by the DE. 
 
 
 
Figure 76: Maximum PES (above) and Maximum Daily PES (below) 
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Figure 77: Sharing of the Load [kWh] 
From an economical point of view, working with the SE at chiller at 92% is also the best 
solution.  
 
Figure 78: Objective function for different load sharing – Minimal Load 
 
Table 30: Objective function for different load sharing – Minimal Load 
DE SE 20% SE 30% SE 40% SE 50% SE 60% SE 70% SE 80% SE 92%
20 5581 5586 5615 5657 5718 5742 5764 5811
30 5614 5614 5620 5657 5718 5742 5764 5811
40 5664 5664 5664 5667 5718 5742 5764 5811
50 5716 5716 5716 5716 5726 5745 5764 5811
60 5770 5770 5770 5770 5770 5745 5778 5811
70 5770 5770 5770 5770 5770 5780 5785 5811
80 5770 5770 5770 5770 5770 5780 5785 5811
93 5770 5770 5770 5770 5770 5780 5785 5811
15% of the total capacity
  
 
8. Summary and conclusions 
 
Establishing the operation schedule of a plant characterized by a high degree of 
interconnection between the various units might be a sufficiently complex operation. Starting 
from the data monitored by sensors it can be noticed how far operating conditions of the 
various machines could be from nominal conditions. This remark regards particularly the 
single and double effect absorption chillers; their operating temperatures are lower than the 
nominal ones, not just because their production is closely linked to the working hours of the 
internal combustion engines, but also because nowadays the power demand is lower than the 
installed one. Nevertheless, absorption chillers are able to maintain good COP also with 
different partial loads. The presence of a thermal storage adds a further level of detail in the 
analysis to be performed to establish the proper production strategy. Its proper management 
can in fact lead to decrease considerably the hours of operation of the compression chiller 
and, in certain circumstances, it can also permit its complete exclusion. 
The purpose of the model is to develop a method that receives as input the hot and chilled 
demand, combined with the operational costs, and gives as output the schedule of the plant 
for each hour of the day. Mathematical programming models are the most common technique 
for the optimization and an environment like GAMS is useful for the implementation and the 
solution of this kind of model. Starting from the data available from the monitored data system, 
all the units has been modelled in order to build a linear model. The variation of the COP of 
the absorption chiller has been taken into consideration thanks to a linear relationship between 
the power at the generator and at the evaporator, obtained from periods of stable working 
condition. The use of binary variables, necessary for the unit selection, leads to a mixed integer 
linear programming (MILP). In this type of analysis it is not requested a high-level of details 
and so there is no necessity to impose non-linear equations that would let to make the 
computational cost more demanding. The variable part of the price of the electricity has been 
assumed to be equal to the real one in all the various days considered for the validation of the 
model while all the constraints contemplated have been fixed in order to have a situation the 
closest possible to the real one. Considering only an economical optimization leads to an 
operational strategy that can be very different from the actual one and to an unbalanced sharing 
load. This concerns in particular the management of the absorption chillers and of the thermal 
storage. In particular it is convenient to use, in a continuous way, the double effect, compared 
to the single effect that works, instead, in a more intermittent way. While the DE is usually  
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used to cover the demand during the day, the SE, with the current level of the demand, comes 
into operation for the charging operation of the storage. In reality, this type of behaviour and 
this intermittence can not be followed because of the inertia of these types of machines. 
Moreover the storage, with current production constraints, is rarely able to completely cover 
the night load if the compressor does not hold a good basic share. In spite of this, the system 
is able to have a gain very close to the gain obtained from the simulations since the differences 
reside in particular on the different use of the auxiliaries. 
Combining an economical optimization with the attempt to pursue a high-energy savings allows 
obtaining a distribution of the load well subdivided between the chillers. This kind of sensitivity 
analysis has been showed in the last part of this work. In particular it is clear that the imposition 
of the right constraints can lead not only to a better and more continuous use of the machines 
but also to reduce the amount of unused heat, and so to dissipate, fundamental from the point 
of view of energy saving. Sensitivity analysis also shows that the prices of the energy carriers 
have a key role in the survival of this kind of plants. There are in fact precise limits beyond 
which the trigeneration is not convenient and so government aids are necessary to reduce the 
overall use of fossil fuels. 
 
8.1. Other research possibilities 
 
With the increasing number of the users connected to the trigeneration plant, it will be possible 
to use more data on load conditions than those supposed in this work; it will then be possible 
to verify more carefully the linear model of the absorption chillers. Even a simulation of several 
consecutive days can be effective in the analysis of the payback period. Considering then the 
abundance of real and monitored available data, an accurate and precise modelling of the 
various plant units can help to take into account all the thermodynamic variables involved and 
the dynamics of the various machines. 
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